Phosphorus-31 Knigh shifts in amorphous nickel-phosphorus and nickel-cobalt-phosphorus alloys by Gustafson, Paul Stuart
W&M ScholarWorks 
Dissertations, Theses, and Masters Projects Theses, Dissertations, & Master Projects 
1981 
Phosphorus-31 Knigh shifts in amorphous nickel-phosphorus and 
nickel-cobalt-phosphorus alloys 
Paul Stuart Gustafson 
College of William & Mary - Arts & Sciences 
Follow this and additional works at: https://scholarworks.wm.edu/etd 
 Part of the Condensed Matter Physics Commons 
Recommended Citation 
Gustafson, Paul Stuart, "Phosphorus-31 Knigh shifts in amorphous nickel-phosphorus and nickel-cobalt-
phosphorus alloys" (1981). Dissertations, Theses, and Masters Projects. Paper 1539623727. 
https://dx.doi.org/doi:10.21220/s2-f1j5-e831 
This Dissertation is brought to you for free and open access by the Theses, Dissertations, & Master Projects at W&M 
ScholarWorks. It has been accepted for inclusion in Dissertations, Theses, and Masters Projects by an authorized 
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu. 
INFORMATION TO USERS
This was produced from a copy of a document sent to  us for microfilming. While the 
most advanced technological means to  photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the material 
submitted.
The following explanation of techniques is provided to help you understand 
markings or notations which may appear on this reproduction.
1. The sign or “target” for pages apparently lacking from the document 
photographed is “ Missing Page(s)”. If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting through an image and duplicating 
adjacent pages to assure you of complete continuity.
2. When an image on the film is obliterated with a round black mark it is an 
indication that the film inspector noticed either blurred copy because of 
movement during exposure, or duplicate copy. Unless we meant to delete 
copyrighted materials that should not have been filmed, you will find a good 
image of the page in the adjacent frame. If copyrighted materials were 
deleted you will find a target note listing the pages in the adjacent frame.
3. When a map, drawing or chart, etc., is part of the material being photo­
graphed the photographer has followed a definite method in “sectioning” 
the material. It is customary to  begin filming at the upper left hand corner of 
a large sheet and to continue from left to right in equal sections with small 
overlaps. If necessary, sectioning is continued again—beginning below the 
first row and continuing on until complete.
4. For any illustrations that cannot be reproduced satisfactorily by xerography, 
photographic prints can be purchased a t additional cost and tipped into your 
xerographic copy. Requests can be made to  our Dissertations Customer 
Services Department.
5. Some pages in any document may have indistinct print. In all cases we have 
filmed the best available copy.
International
300 N. ZEEB RD.. ANN ARBOR. Ml 48106
R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
8206548
Gustafson, Paul Stuart
PHOSPHORUS-31 KNIGHT SHIFTS IN AMORPHOUS NICKEL- 
PHOSPHORUS AND NICKEL-COBALT-PHOSPHORUS ALLOYS
The College of William and Mary in Virginia PhJD. 1981
University 
Microfilms
International 300 N. Zeeb Road, Ann Arbor, MI 48106
R e p ro d u c e d  with p e rm iss io n  of th e  co p y rig h t o w n er. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
31P KNIGHT SHIFTS IN AMORPHOUS NiP AND NiCoP ALLOYS
A D is s e r ta t io n  
P re se n te d  to  
The F a c u lty  o f  th e  Departm ent o f  P h y s ic s  
The C o lleg e  o f  W illiam  and Mary in  V irg in ia
In  P a r t i a l  F u lf i l lm e n t  
Of th e  R equirem ents f o r  t h e  Degree o f  
D octor o f  P h ilo so p h y
P au l S tu a r t  G ustafson  
1981
R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
APPROVAL SHEET 
T h is  d i s s e r t a t i o n  i s  su b m itte d  in  p a r t i a l  f u l f i l lm e n t  
o f  t h e  re q u ire m e n ts  f o r  t h e  deg ree  o f
D octo r o f  P h ilo so p h y .
PAUL STUART GUSTAFSON
A pproved, Ju n e  3 0 , 1 981
Dr. H a rlan  E. Schone, Chairman
Dr. M. S . C onradi 
vJDr. Jo e  Heyman'-
C- $ 1/0
I f f .  G. C. D e f o t is ,  
D epartm ent o f  C hem istry




LIST OF F IG U R E S .............................................................................................................v i
ABSTRACT .......................................................................................................................... ix
I .  INTRODUCTION ........................................................................................................  2
I I .  EXPERIMENTAL PROCEDURE.............................................................................  9
A. Sample P re p a ra t io n  ............................................................................. 9
B. D e n s i t y .............................................................................................................10
C. C om position  A n a l y s i s ............................................................................. 10
D. S p in  L a t t i c e  R e la x a tio n  Times ......................................................  11
E. K n ight s h i f t s ............................................................................................... 12
I I I .  KNIGHT SHIFTS, THEORY IN TRANSITION METAL ALLOYS . . . . .  1^
A. T heory fo r  Independen t B a n d s ........................................................... 15
B. A nderson V i r tu a l  Band Model ...................................................... 21
C. T e r a h u ra 's  H y b riz ie d  Band T heory , Fano A n t i -
Resonance .....................................................................................................23
D. N e g ativ e  P o la r i z a t i o n ;  Core P o la r i z a t i o n ... ..........................  26
E. H y b rid ize d  T ra n s it io n  M etal D Band D e n s ity  o f  S ta te s  . 28
F . V i r tu a l  D Band in  th e  H y b rid ize d  M o d e l .....................................30
G. Amorphous H y b rid ize d  Band M odel.......................................................32
H. L in e w id th s , Spin L a t t i c e  R e la x a tio n  Time, and
K o rrin g a  R a tio  ......................................................................................  37
i i
R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .





R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
 . 






To my fa m ily  and f r ie n d s ,  in  th an k s  f o r  t h e i r  su p p o rt 
and encouragem en t.
iv
R e p ro d u c e d  with p e rm iss io n  of th e  co p y rig h t o w n er. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
TABLES
Page
T ab le  1 A verage n e a r e s t  n e ig h b o r d i s ta n c e ,  m easured to
th e  f i r s t  peak, in  t h e  r a d i a l  d i s t r i b u t i o n  fu n c tio n  
f o r  e l e c t r o p l a t e d  N i^ g  x px 5 ^°J8^22  an(^ sP-I-a’t  co o le d
(Ni <-Pd ^ )j_qo xpx amorphous a l l o y s ..................................................58
T ab le 2 Atomic c o r r e l a t i o n s  from  th e  p a r t i a l  r a d i a l  d i s t r i ­
b u t io n  fu n c tio n  f o r  amorphous ^°y3P22 a-'--'-°y> w r i t t e n  
a s  th e  r a d i a l  d i s ta n c e  r  and number o f  n e a r  n e ig h b o rs ,
n ........................................................................................................................... 59
T ab le  3 Atomic c o r r e l a t i o n s  from th e  p a r t i a l  r a d i a l  d i s t r i ­
b u tio n  fu n c tio n  f o r  amorphous N i^ P g ,. a l l o y ,  w r i t t e n  
a s  t h e  r a d i a l  d is ta n c e  r  and number o f  n e a r  n e ig h b o rs , 
n ............................................................................................................................59
v
R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
FIGURE CAPTIONS
F ig u re  1
F ig u re  2
F ig u re  3 
F ig u re  U
F ig u re  5 
F ig u re  6
F ig u re  7
F ig u re  8
F ig u re  9
Page
R a d ia l  d i s t r i b u t i o n  fu n c tio n s  o f :
a )  N i-P (E P ); b )  N i-P (E L ); c) Fe-P-C
( s p l a t )  from  C a r g i l l ..........................................................................60
P a r t i a l  red u ced  r a d i a l  d i s t r i b u t i o n  fu n c tio n s
fo r  Co8 l P1 9 ..........................................................................................61
P a r t i a l  r a d i a l  d i s t r i b u t i o n  f u n c tio n  f o r  N i ^ P ^  . . 62 
The Voronoi p o ly h e d ra  o r  c a n o n ic a l  h o le s  o f  random 
p ac k in g : a )  A rchim edian a n t ip r is m  shown capped by
two h a l f  o c ta h e d ra ;  b )  t r i g o n a l  p rism  capped by 
th r e e  h a l f  o c ta h e d ra ;  c ) t e t r a g o n a l  dodecahedron;
d) t e t r a h e d r o n ;  e )  o c ta h e d ro n ......................................................63
B lock diagram  o f  t h e  NMR s y s t e m ............................................ 6 U
C om positional dependence o f  t h e  low te m p e ra tu re
m a g n e tiz a tio n  o f  Ni1   ^
RKKY o s c i l l a t i o n s  o f  f r e e  e le c t r o n s  abou t a  l o c a l
moment ...................................................................................................66
H y b rid ize d  l o c a l  DOS, N^, c a lc u la te d  f o r  a  s u b s tu -  
t i o n a l  im p u rity  in  FCC n ic k e l ,  w here VQ = 0 ,  1 .0  
and 2 .0  R ydberg. F u l l  cu rv es  a re  th e  h y b r id iz e d  
LDOS, broken  cu rv es  a r e  t h e  u n h y b rid iz e d  LDOS . . 6 j  
Im p u rity  l o c a l  h y b r id iz e d  d e n s i t i e s  o f  s t a t e  c a l ­
c u la te d  from  FCC in  n ic k e l  a )  weak p o t e n t i a l ;
b )  s t ro n g  p o t e n t i a l  (R ef. 3 7 ) ..................................................68
R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
F ig u re  10 D o tted  Curve: L ocal HDOS o f  s u b s t i t u t i o n a l  im -
im p u rity  i n  Pd F u l l  c u rv e :  D e n s ity  o f  s t a t e s
in  p u re  Pd; Broken cu rv e : Schem atic DOS o f  Pd
i n  t h e  p re se n c e  o f  im p u rity  atom s; E°f  i s  Fermi 
energy  i n  Pd; E'^ i s  Ferm i energy  i n  -„he p re ­
sen ce  o f  im p u rity  atom s (Ref.. 3 6 ) ........................................69
F ig u re  11 The g e n e ra l iz e d  p h ase  s h i f t s  fo r  v a r io u s  v a lu e s
o f  t h e  im p u rity  p o t e n t i a l  VQ. The d ee p er th e
p o t e n t i a l ,  t h e  g r e a t e r  t h e  s h i f t  (R ef. 3 6 ) .......................... 70
F ig u re  12 E x p erim en ta l p a r t i a l  DOS f o r  amorphous P d g ^ S i^
from R ile y ,  e t  a l . (R ef. 4 3 ) ......................................................71
F ig u re  13 T h e o r e t ic a l  PDOS f o r  amorphous P d g ^ S i^  (R ef. 4 3 ) . . 72
F ig u re  14 B roadening  o f  th e  l o c a l  d o r b i t a l  DOS a s s o c ia te d
w ith  an im p u rity  o f  p o t e n t i a l  VQ (R ef. 3 6 ) ......................73
F ig u re  15 Schem atic l o c a l  v a le n c e  e le c t r o n  HDOS n e a r  t h e  d
hand edge f o r  th e  Hi^ xPx amorphous a l l o y s .  NL 
f o r  Vq = 1 .0  R ydberg, N^+ f o r  VQ = 1 .1  Rydberg . . .  74 
F ig u re  16 Exchange enhancement f a c to r  e x t ra p o la te d  from
Nt (.9 2 5 R y d .) -
w  = V « r : ....................................T5
F ig u re  17 Modeled lo c a l  s u s c e p t i b i l i t i e s  h ig h  d e n s i ty ,
VQ = 1 .0  Ryd. ^ f ^ l o v  d e n s i ty  VQ = 1 .1  Ryd....................... 76
F ig u re  18 D e n s ity  o f  amorphous NiP and  NiCoP a l lo y s  v s .
phosphous c o n c e n tra tio n . &  EP (from  S a fra n e k , R e f .8 );
O E l (R ef. 8 ) ;  V E F  (from  C a r g i l l ,  R e f .4 7 ) ;  ♦  EL
# E P ;  * E P  E i71  7Co8 _3P2(); •  EL ^  ^
v i i
R e p ro d u c e d  with p e rm iss io n  of th e  co p y rig h t o w n er. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
3i  Page
F ig u re  19 P K night s h i f t s  o f  EL and EP Ni^ xPx amorphous
a l lo y s  v s .  phosphorus c o n c e n tra tio n  ......................................  78
F ig u re  20 NMR p e a k -to -p e a k  l in e w id th s ,  ^ f ^ ,  o f  EL and
EP Ni^ xPx  amorphous a l lo y  v s .  phosphorus concen­
t r a t i o n  ..............................................................................................79
F ig u re  21 S p in  l a t t i c e  r e la x a t io n  t im e s ,  T^T, o f  EL and  EP
Ni1  xPx  amorphous a l l o y  v s .  phosphorus con­
c e n t r a t io n  ..............................................................................................80
F ig u re  22 K o rrin g a  r a t i o s  o f  EL and EP Ni^ xPx amorphous
a l lo y s  v s .  phosphorus c o n c e n tra tio n  ......................................  8l
F ig u re  23 K night s h i f t  v s .  c o h a l t  c o n c e n tra tio n  f o r  am or-
phous EP  82
F ig u re  2b NMR lin e w id th  v s .  c o h a lt  c o n c e n tra tio n  f o r  amor­
phous EP (Ni1 _y Coj r )80P2 0 .............................................................. 83
31F ig u re  25 P K night s h i f t  v s .  c o h a l t  c o n c e n tra tio n  f o r  EL
'"V/Vso^o.......................................... 811
F ig u re  26 NMR l in e w id th  v s .  c o h a lt  c o n c e n tra tio n  f o r  EL
( I i l - y Coy>80P2 0 .....................................................................................85
F ig u re  27 T em perature dependent change in  peak  t o  peak  l i n e ­
w id th s  v s .  c o h a l t  c o n c e n tra tio n
 86
F ig u re  28 K night s h i f t  v s .  te m p e ra tu re  f o r  EL Ni^Q gCog ^ P ^  . gy
F ig u re  29 NMR l in e w id th  v s .  te m p e ra tu re  f o r  EL Ni^.Q gCog ^ P ^  . 88
F ig u re  30 K night s h i f t  v s .  phosphorus c o n c e n tra tio n  fo r
EL Ni Co/- nP .....................................................................................89x 6 .0  y
F ig u re  31 NMR l in e w id th s  v s .  phosphorus c o n c e n tra tio n  f o r  EL
Nix Co6 . 0Py  90
v i i i
R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
ABSTRACT
Amorphous a l lo y s  o f  th e  form Ki]__xPx and (Nij__yCoy)i_xPx 
(w h ere .1^ < x  S .2 8 , and c o h a lt  c o n c e n tra tio n  i s  l e s s  th a n  13 p e r ­
c e n t)  were p re p a re d  hy e l e c t r o p l a t i n g  (EP) and e l e c t r o l e s s  d e p o s i­
t i o n  (EL). These two m ethods produce m e ta l l i c  g la s s e s  hav in g  d i f ­
f e r e n t  p h y s ic a l  p r o p e r t i e s ,  i n d ic a t in g  th e  e x is te n c e  o f  two m eta - 
s ta h le  s t r u c tu r e s  o r  p h a se s . These p h ase s  w ere i n v e s t i g a t e d  hy  
measurem ent o f  t h e  31p K night s h i f t s ,  l in e w id th s ,  s p in  l a t t i c e  
r e la x a t io n  t im e s  and  th e  p h y s ic a l  d e n s i t i e s .  A com parison  i s  made 
betw een th e  d a ta  and p r e d ic t io n s  o f  a  h y b r id iz e d  hand model w hich 
y ie ld s  an e x p re s s io n  f o r  th e  enhanced lo c a l  s u s c e p t i b i l i t y  a t  th e  
p hosphorus s i t e .
R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
3±P KNIGHT SHIFTS IN AMORPHOUS NiP AND NiCoP ALLOYS
1
R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
I .  INTRODUCTION
T h is  t h e s i s  exam ines th e  NMR p r o p e r t ie s  o f  Ni^ xPx and 
(Ni^ y ^ ° y ) i_ x^x amorphous a l l o y s ,  w here th e  c o n c e n tra tio n  o f  phos­
phorus  i s  "between lk  and 28  p e rc e n t and th e  c o n c e n tra tio n  o f  c o b a lt  
i s  l e s s  th a n  13 p e r c e n t .  One o f  th e  ad v a n tag es  o f  amorphous a l lo y s  
i s  t h a t  e x p e rim e n ta l s tu d ie s  o f  c o n c e n tra tio n  dependent phenomena 
may be expanded beyond th e  ra n g e o f  co m p o sitio n s  dete rm in ed  by th e  
c r y s t a l l i n e  p h a se s . NiP and NiCoP amorphous a l lo y s  p re p a re d  by 
e l e c t r o p l a t i n g  (EP) and e l e c t r o l e s s  d e p o s i t io n  (EL) have d i f f e r e n t  
p h y s ic a l  p r o p e r t i e s ,  i n d ic a t in g  th e  e x is ta n c e  o f  d i f f e r e n t  m eta­
s t a b l e  s t r u c tu r e s  o r  "p h a se s" . For exam ple, N ig ^ P ^  h as  room 
te m p e ra tu re  K night S h if t  v a lu e s  o f  K_,p = .158% and = .205% 
and a  d e n s i ty  d i f f e r e n c e  o f  about 3% betw een  th e  two p h a se s . 1
2N ick e l phosphorus i s  th e  o ld e s t  and one o f  th e  most 
e x te n s iv e ly  s tu d ie d  m e ta l l i c  g la s s e s  form ing  an  amorphous s t a t e  
in  t h e  co m p o sitio n  ra n g e betw een lk  p e r c e n t  and 28  p e rc e n t phos­
p h o ru s . I t  i s  r e la t e d  t o  a  group o f  m e ta l l i c  g la s s e s  com m ercially  
known a s  t h e  M etg lass  s e r ie s ,^  which have im p o rtan t e n g in e e rin g  
a p p l ic a t io n s  a s  b ra z in g  m a te r ia l s ,  s p e c i f i c a l l y  in  t h e  p ro d u c tio n  
U 5
o f  j e t  en g in e  t u r b in e s .  5 In  a d d i t io n  to  d u c t i l i t y ,  im p o rtan t 
t o  t h i s  a p p l i c a t io n ,  th e  i s o t r o p i c ,  s o f t  m agne tic  c h a ra c te r  o f  
some o f  th e s e  a l lo y s  has p o t e n t i a l  f o r  m agnetic  memories and o th e r  
d e v ic e s  w here e a s i l y  changed m agnetic  o r i e n t a t i o n  i s  d e s i r a b l e .
2
R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
3The i n t e r e s t  in  m e ta l l i c  g la s s e s  h a s  a  fundam ental a s  w e ll  a s  a  
t e c h n o lo g ic a l  h a s i s ,  a s  th e  p r o p e r t ie s  o f  t h e  a l lo y s  have fo rc e d  
a  r e a p p r a i s a l  o f  some o f  t h e  t r a d i t i o n a l  co n c ep ts  o f  s o l id  s t a t e  
p h y s ic s .^
Amorphous a l lo y s  a r e  m e ta s ta b le  arrangem en ts o f  atom s 
w hich a re  fro z e n  in to  t h e i r  p o s i t i o n s .  When su b je c te d  t o  m oder­
a t e ly  h ig h  te m p e ra tu re s  t h e  n u c le a t io n  b a r r io r s  o f  th e  m a te r ia l  
a r e  b re a c h e d , and th e  a l lo y s  c r y s t a l l i z e  th ro u g h  d e f in i t e  s ta g e s  
t o  th e  f i n a l  s ta b le  o rd e re d  p h a se .^  The o n ly  o rd e r  p re s e n t  i n  th e  
amorphous phase  i s  s h o r t  ra n g e , w ith  th e  atoms d e n se ly  packed  in  
a  sem i-random  p a t t e r n  w ith  f a i r l y  w e ll  d e f in e d  f i r s t  and second 
n e a re s t  n e ig h b o r d i s ta n c e s .  Beyond t h i s  l e v e l  th e  o rd e r  i s  r a p id ly  
l o s t ,  w iped o u t by th e  random ness o f  th e  amorphous s t r u c t u r e .
Most m e ta l l i c  g la s s e s  have th e  g e n e ra l  form TM^  xMx , w here 
TM r e p r e s e n ts  th e  t r a n s i t i o n  m e ta l  (o r  m e ta l s ) ,  such  as F e , Co, N i, 
Pd, o r  R ,  and M i s  th e  m e ta l lo id  (o r  m e ta l lo id s ) ,  such a s  B, C, P , 
o r  S i .  The g la s s e s  can be p re p a re d  by a  number o f  m ethods, in c lu d in g  
e v a p o ra t io n , s p u t te r in g ,  e l e c t r o p l a t i n g ,  e l e c t r o l e s s  o r  chem ical 
d e p o s i t io n  and s p l a t  c o o l in g . NiP and NiCoP may be  formed b y  e l e c ­
t r o p l a t i n g  (EP) and  e l e c t r o l e s s  (EL) d e p o s i t io n .  Each method p ro ­
duces an a l l o y  w ith  d i f f e r e n t  c h a r a c t e r i s t i c  p h y s ic a l  d e n s i ty ,  w ith  
th e  EP m a te r ia l s  hav in g  a  h ig h e r  d e n s i ty  th a n  th e  EL a l lo y s  f o r  a  
g iv en  co m p o s itio n .^
M e ta l l ic  g la s s  s t r u c tu r e  can be d isc u sse d  on a t  l e a s t  two 
c o n c e p tu a l l e v e l s ,  t h e  g ro s s  s t r u c t u r a l  c h a r a c t e r i s t i c s  such  a s
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kd e n s i ty ,  v o id s ,  co m p o sitio n  g r a d ie n ts ,  e t c .  and  th e  more m inute s h o r t  
ra n g e o rd e r in g  (SRO) o f  t h e  atom s in  t h e  m a te r ia l .  By f a r  th e  most 
u s e f u l  d e s c r ip t io n  o f  t h e  atom ic arran g e m en ts  can h e  found th ro u g h  
th e  r a d i a l  d i s t r i b u t i o n  fu n c tio n  (RDF) o f  th e  atom s in  th e  m a te r ia l .  
The RDF i s  j u s t  an av e rag e  o f  t h e  d i s t r i b u t i o n  o f  atom s i n  th e  m at­
e r i a l  abou t an  atom o f  o r i g i n ,  and i s  w r i t t e n  a s  RDF(r) = V irr^ p (r) . 
The atom ic d e n s i ty  d i s t r i b u t i o n  f u n c tio n ,  p ( r ) ,  i s  o f te n  p re s e n te d  
in  o th e r  w ays, such  a s  t h e  re d u ced  r a d i a l  d i s t r i b u t i o n  f u n c tio n ,
G (r) = V irr (p (r )-p 0 ) o r  th e  p a i r  c o r r e l a t i o n  fu n c t io n ,  W (r) = p ( r ) /p Q , 
w here pQ i s  t h e  av e rag e  atom ic d e n s i ty  o f  t h e  m a te r ia l .  In  a  c r y s t a l  
th e  RDF would be  a  s e r ie s  o f  sp ik e s  o f  v a r y i n g  h e ig h t  lo c a te d  a t  th e  
f i r s t ,  second , e t c . ,  n e a r e s t  n e ig h b o r d i s ta n c e s .  In  an amorphous 
s o l id  th e  RDF i s  l e s s  p r e c i s e ,  and h as  more s i m i l a r i t i e s  t o  th e  RDF’ s 
found f o r  l i q u id s  th a n  th o s e  see n  f o r  c r y s t a l s .
RDF’s may be  o b ta in e d  from X r a y ,  e l e c t r o n  and n e u tro n  
s c a t t e r in g  d a ta  by F o u r ie r  tra n s f o rm a t io n  o f  t h e  m easured momentum
t r a n s f e r  dependent s c a t t e r i n g  i n t e n s i t y ,  l ( K ) ,  and m a n ip u la tin g  th e
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e x p re s s io n  to  damp o u t th e  'e n d ' e f f e c t  i n  t h e  i n t e g r a l .  Thus; 
and when damped becom es,
G ( r )  = “L ^  rna'xk (x (K W ) e  (k O  d K
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5The maxima i n  th e  RDF’s co rresp o n d  t o  th e  p o s i t io n s  o f
th e  n e a r  n e ig h b o r atoms abou t th e  o r i g i n ,  and th e  i n t e n s i ty  o f  th o s e
pea k s ro u g h ly  co rresp o n d s  t o  t h e  number o f  atoms c o n tr ib u t in g  to
th e  s c a t t e r i n g .  Many p u re  and b in a ry  m e ta l l i c  g la s s e s  have a  d o u b le t
second maxi mi im in  th e  RDF, a s  seen  in  F ig .  1 ,  which can be u n d ers to o d
7
to  be  a  r e s u l t  o f  th e  c lo s e  packed  s t r u c tu r e  o f  th e  m a te r ia l .  In ­
fo rm a tio n  can be e x t r a c te d  from  th e  RDF’s i n  th e  form  o f  th e  r a d ia l  
d i s ta n c e s  o f  th e  n e a r  n e ig h b o rs , and  th e  number and d i s t r i b u t i o n  o f  
th e  n e ig h b o rs .
Some amorphous b in a r y  a l lo y s  have b een  s tu d ie d  by X ra y  
anom alous s c a t t e r i n g  te c h n iq u e s  and by  th e  p o la r iz e d  n eu tro n  s c a t t e r ­
in g  te c h n iq u e . These m ethods a re  a b le  t o  s e p a ra te  t h e  components 
o f  t h e  RDF in to  th e  p a r t i a l  atom ic  d i s t r i b u t i o n  fu n c tio n s  o f  th e  
com ponents o f  th e  a l l o y .  The p o la r iz e d  n e u tro n  r e s u l t s  f o r  CoP,1^
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shown in  F ig .  2 ,  and th e  X ra y  anom alous s c a t t e r in g  r e s u l t s  f o r  R iP , 
shown in  F ig . 3 , a r e  q u i te  s im i l a r .  T here ap p e ars  t o  be no p h o s- 
pho ru s-p h o sp h o ru s  n e a r e s t  n e ig h b o rs  i n  th e s e  a l l o y s ,  and each  phos­
p h o ru s  atom h as  betw een e ig h t  and n in e  t r a n s i t i o n  m eta l n e a re s t  
n e ig h b o rs . In  a d d i t io n  th e  p h o sphorus-phosphorus n e a re s t  n e ig h b o r 
d i s ta n c e ,  Rpp , i s  n e a r ly  t h e  same in  b o th  a l l o y s .  In  CoP, Rpp =
3.31+ 1  and in  N iP , Rpp = 3-30 A.
Both EP and EL R iP a l lo y s  have been  s tu d ie d  by X ra y  
s c a t t e r i n g ,  and th e  RDF's showed t h a t  th e  f i r s t  n e a r e s t  ne ig h b o r 
peak d i s ta n c e s  w ere abou t th e  same f o r  e i t h e r  ty p e  o f  material.'*"*"
The RDF r e s u l t s  f o r  RiP and some o th e r  amorphous a l lo y s  a re  d is p la y e d
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in  T ab le  1 .  Kote t h a t  t h e  n e a r e s t  n e ig h b o r d i s ta n c e ,  R , in  NiP"  nn
i s  n e a r ly  c o n s ta n t  th ro u g h -o u t t h e  range o f  c o m p o s itio n , in d ic a t in g  
a  un ifo rm  s t r u c tu r e  i s  p re s e n t  i n  th e  EP m a te r ia l s .  i s  p r im a r ily
due t o  n ic k e l- n ic k e l  s c a t t e r i n g ,  and so does n o t y i e l d  in fo rm a tio n  
a s  s i g n i f i c a n t  a s  t h e  r e s u l t s  from th e  anom alous s c a t t e r in g  m ethod.
Many o f  t h e  s t r u c t u r a l  f e a tu r e s  e x t r a c te d  from  RDF d a ta  
can  he  o b serv ed  in  m odels based  upon s t r u c tu r e s  formed by dense 
random p ac k in g  o f  h a rd  sp h e re s  (DRPHS). E xperim ents w ith  molded 
sac k s o f  b a l l  b e a r in g s  and com puter a lg o rith u m s have been  su c c e s s ­
f u l  in  showing d i s t r i b u t i o n  fu n c tio n s  which a g ree  q u i te  w e ll  w ith  
th e  r e s u l t s  from  X ra y  RDF's. D is t r ib u t io n  fu n c tio n s  from  d e n se ly  
packed  s in g le  s iz e  b a l l  b e a r in g s  show th e  c h a r a c t e r i s t i c  d o u b le t
second n e a r e s t  n e ig h b o r p ea k , and have p ac k in g  f r a c t i o n s  s im i la r
12 13 lHto  th o s e  found f o r  amorphous sam ples . F in n e y , B e n n e tt , Sadoc
and o th e r s  have s tu d ie d  th e  'a to m ic ' a rran g em en ts  w hich o ccur in  
t h e s e  s t r u c tu r e s  and have found t h a t  th e  w hole s t r u c tu r e  can  be 
c o n s id e re d  t o  be b u i l t  from o n ly  f iv e  d i f f e r e n t  ty p e s  o f  Voronoi 
p o ly h e d ra , o r  B ern a l h o le s^  d isp la y e d  in  F ig . U. Such m odeling 
h a s  o n ly  been done f o r  s in g le  s iz e  b a l l  b e a r in g s ,  b u t P o l ^  p ro ­
posed  a  model fo r  b in a ry  a l lo y s  i n  w hich th e  sm a lle r  s iz e  m e ta l lo id s  
atom s occupy th e  v o id s  i n  th e  p o ly h e d ra l s t r u c t u r e .  The model has 
some d i f f i c u l t i e s  h a n d lin g  th e  o v e r a l l  d e n s i ty  and th e  l im i te d  
volume i n  th e  v o id s  s im u lta n e o u s ly . The RDF d a ta  su p p o rt th e  model
to  th e  e x te n t  t h a t  th e  m e ta l lo id  atoms a r e  su rrounded  by th e  la r g e r
17 1^t r a n s i t i o n  m e ta l  a tom s. Sadoc proposed  t h a t  r e la x a t io n  o f  th e
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7p o ly h e d ra l  s t r u c tu r e  and th e  e l im in a t io n  o f  m e ta l lo id -m e ta l lo id  
n e a r e s t  n e ig h b o rs  co u ld  h e  s u c c e s s f u l ly  modeled hy  a  com puter a l -  
go rith u m . The r e s u l t s  o f  such  co m p u ta tio n s  c lo s e ly  m atch th e  NiP 
and CoP e x p e rim e n ta l RDF's and d e n s i t i e s .  In  such  m odels t h e  m et­
a l l o i d s  occupy th e  i n t e r i o r  o f  t h e  p o ly h e d ra l  and have betw een 
e ig h t  and  t e n  m eta l atom f i r s t  n e a r e s t  n e ig h b o rs . E x p erim e n ta l 
d a ta  f o r  NiP and CoP s t a t e  t h a t  th e s e  a l lo y s  have betw een e ig h t  
and n in e  m e ta l n e a re s t  n e ig h b o rs  ab o u t ea ch  m e ta l lo id  atom , in  
good agreem ent w ith  t h e  m odels.
W ith re g a rd s  t o  b o th  s t r u c tu r e  and s t a b i l i t y ,  B en n e tt‘S  
19and T u rn b u ll have su g g e s te d  t h a t  th e  sh a rp  r e p u ls iv e  p o t e n t i a l  
o f  t h e  t r a n s i t i o n  m e ta l  atom s when combined w ith  t h e  s o f t e r  m et­
a l l o i d  p o t e n t i a l s  sh o u ld  enhance th e  s t a b i l i t y  o f  th e  m a te r ia l .
20Chen and P ark  p ro p o sed  t h a t  s tro n g  ch e m ic a l, o r  i o n i c ,  bond ing  •
betw een th e  m eta l and m e ta l lo id  atom s i s  th e  re a so n  f o r  t h e  s t a b i -
21 22l i t y  o f  th e s e  m e ta l l i c  g l a s s e s .  N agel and Tauc * su g g es ted  
t h a t  t h e  s t a b i l i t y  was due to  a  minimum i n  a  n e a r ly  f r e e  e le c t r o n ­
l i k e  d e n s i ty  o f  s t a t e s ,  and t h a t  th e  minimum was due t o  th e  n a tu re  
o f  th e  amorphous s t a t e .  The r e a l  n a tu re  o f  th e  bonding  i s  u n c e r ta in ,  
b u t  a lm o st no su p p o rt h as  come f o r th  f o r  'th e  f r e e  e le c t r o n  model o f  
Nagel and  T auc, and l i t t l e  f o r  t h e  s t ro n g  io n ic  bonding  o f  Chen 
and P ark . T here i s  a  p o s s i b i l i t y  t h a t  c o v a le n t bonding  o c c u rs  in  
some o f  th e  m a te r ia l s ,  b u t  t h e r e  a r e  in d i c a t io n s  t h a t  some ch arg e  
t r a n s f e r ,  o r  io n ic  b o n d in g , i s  p r e s e n t .  I t  rem ains t o  b e  seen  
w he ther a  more r e a l i s t i c  model based  upon re p la ce m e n t o f  th e  h a rd
R e p ro d u c e d  with p e rm iss io n  of th e  co p y rig h t o w n er. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
sp h e re s  hy ’p a irw is e  p o t e n t i a l s '  can r e s o lv e  some o f  tto  
ah o u t hond o rd e r  and s t a b i l i t y  i n  t h e  amorphous a l l o y s . '
q u e s tio n s
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I I .  EXPERIMENTAL PROCEDURE
A. Sample P re p a ra t io n
B in ary  and t e r n a r y  amorphous sam ples w ere p re p a re d  hy  
23e l e c t r o p l a t i n g  from  a  m o d if ie d  B renner h a th  u s in g  d i r e c t  c u r re n t  
and e le c t r o d e s  o f  n i c k e l  and e i t h e r  a  r o t a t i n g  o r  s t a t i o n a r y  copper 
s u b s t r a t e .  The h a th s  c o n s i s te d  o f  n ic k e l  (o r  n ic k e l  and c o h a l t)  
c lo r id e  and s u l f a t e ,  p h o sp h o ric  a c id  and phosphorous a c id .  The 
h a th  te m p e ra tu re  was ah o u t T2°C, t h e  pH was ah o u t .6  and th e  p l a t ­
in g  c u r re n t  d e n s i ty  was ah o u t 10  am peres p e r  sq u are  d e c im e te r .
B ecause c o h a l t  h a s  a  h ig h e r  io n ic  charge  th a n  n i c k e l ,  o n ly  a  
sm all m o lar r a t i o  o f  c o h a l t  t o  n ic k e l  was needed  in  th e  h a th  to  
ac h iev e  s u b s t a n t i a l  c o h a l t  d e p o s i t io n  in  th e  p la te d  a l l o y .  Phos­
p h o ru s  d e p o s i t io n  was in c re a s e d  by add ing  more phosphorous a c id  t o  
t h e  h a th  and hy re d u c in g  th e  c u r re n t  d e n s i ty .
E le c t r o l e s s ly  d e p o s i te d  a l lo y s  w ere p re p a re d  from  B re n n e r 's  
2c i t r i c - a c e t i c  a c id  h a th ,  a s  t h i s  was found to  he more s t a b l e  and 
c a p a b le  o f  g r e a t e r  phosphorus d e p o s i t io n  th a n  o th e r  h a th s .  N ick e l 
( o r  n ic k e l  and c o h a l t)  c lo r id e  and sodium h y pophosph ite  p ro v id e d  
th e  o th e r  h a th  c o n s t i t u e n t s .
F o r a  g iv en  h a th ,  t h e  te m p e ra tu re  and pH w ere h e ld  c o n s ta n t .  
The te m p e ra tu re  ra n g e  was betw een 70 and 80°C and th e  pH ra n g e was 
betw een 3 .5  and 5 .0 .  C o h alt was found to  d e p o s i t  a t  a  s lo w er r a t e
o
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th a n  n i c k e l ,  r e q u ir in g  a  h ig h  m olar r a t i o  o f  c o h a l t  to  n ic k e l  to  
a c h ie v e  s u f f i c i e n t  c o h a l t  in  th e  p la te d  te r n a r y  sam p les . B aths 
•with low  te m p e ra tu re s  and pH’s p roduced  a l lo y s  w ith  h ig h  phosphorus 
c o n c e n t ra tio n s .  P ro d u c tio n  o f  h ig h  phosphorus c o n c e n tra tio n  a l lo y s  
was d i f f i c u l t  a s  th e  h a th  would change a s  i t  ag e d , would slow and 
o f te n  s to p  th e  r a t e  o f  d e p o s i t io n .
B. D e n s ity
In  o rd e r  t o  m easure th e  p h y s ic a l  d e n s i ty  o f  th e  a l l o y s ,
th e  copper s u b s t r a t e  was removed in  a  c h ro m ic -h y d ro su lfu r ic  a c id
e tc h  w hich s e l e c t iv e l y  d is o lv e d  th e  co p p e r and does n o t a t ta c k  th e
more c h e m ic a lly  r e s i s t a n t  amorphous a llo y .®  The amorphous sample
2kwas w eighed in  a i r  and d e io n iz e d  w a te r on a  G ram -atic  b a la n c e  
_k
a c c u ra te  t o  10 gram s. R epeated  m easurem ents o f  a  sam ple w eighing  
•5  grams showed a  v a r ia t io n  o f  l e s s  th a n  ±1% in  t h e  m easured d e n s i ty .  
The r e s u l t s  o f  t h i s  p ro c e s s  a r e  shown in  F ig . 18.
C. C om position A n a ly s is
The c o m p o sitio n s  o f  th e  sam ples were dete rm in ed  hy a  non­
d e s t r u c t iv e  m ethod u s in g  chem ical a n a ly s i s  t o  d e te rm in e  th e  compo­
s i t i o n  o f  s ta n d a rd  sam ples th e n  u s in g  a  P r in c e to n  A pplied  R esearch  
X -ray  f lo u re s c e n c e  a n a ly s i s  a p p a ra tu s  t o  d e te rm in e  th e  co m p o sitio n s  
o f  t h e  re m a in in g  sam ples . The NiP sample was d is o lv e d  in  a  ho t 
n i t r i c  a c id  s o lu t io n ,  t h e  a c id  was n e u t r a l iz e d  and th e  phosphorus 
was p r e c i p i ta t e d  from  th e  s o lu tio n  hy th e  a d d i t io n  o f  an ammonium-
R e p ro d u c e d  with p e rm iss io n  of th e  co p y rig h t o w n er. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
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m olybdate s o lu t io n .  The w e igh t o f  th e  c le a n e d , d r ie d  p r e c i p i t a t e  
was th e n  compared t o  th e  o r ig in a l  sam ple w e ig h t to  d e te rm in e  th e  
phosphorus c o n c e n tra tio n . T h is  p ro c ed u re  was re p e a te d  a s  an accuracy- 
ch eck . The above p ro c ed u re  h as  an ac c u ra c y  o f  abou t +1 p e rc e n t 
pho s p h o ru s . ^
W ith t h e  a s s i s ta n c e  o f  D r. S. Clement o f  t h e  W illiam  and 
Mary Geology Departm ent th e  re m a in in g  sam ples were an a ly se d  by com­
p a r in g  th e  m easured i n t e n s i ty  o f  th e  phosphorus K*. X -ray  em iss io n s  
o f  t h e  unknown sam ples and th e  s ta n d a r d s .  The phosphorus com posi­
t i o n  o f  th e  unknown sam ples was th e n  d e te rm in e d  from a  g raph  o f  K«< 
i n t e n s i t y  v e r su s  phosphorus c o n te n t o f  th e  s ta n d a rd  sam ples.
The p h y s ic a l  d e n s i ty  o f  some o f  t h e  f lo u re s c e n c e  an a ly se d  
EP ty p e  sam ples was m easured and compared to  t h e  known com p o sitio n  
dependence o f  th e  d e n s i ty  fo r  EP NiP a l l o y s .
The c o m p o sitio n s  from  th e  d e n s i ty  dependen t m easurem ents 
were w ith in  .2% o f  th o s e  a q u ire d  from  th e  f lo u re s c e n c e  m ethod. Thus, 
th e  l i s t e d  sam ple com p o sitio n s  a r e  b e l ie v e d  to  be a c c u ra te  t o  w ith in  
h a l f  a  p e rc e n t pho sp h o ru s .
In  th e  t e r n a r y  sam p les , t h e  c o b a l t  and n ic k e l  c o n te n t was 
assumed t o  be  d i r e c t l y  p r o p o r tio n a l  t o  t h e  r a t i o  o f  t h e i r  m easured 
K<< X -ray  i n t e n s i t i e s .
D. Spin  L a t t i c e  R e la x a tio n  Times
The r e la x a t io n  t im e s  were m easured f o r  powder sam ples in  
a  p u ls e  NMR a p p a ra tu s  by a  s ta n d a rd  i t ,  tt/ 2 t im e  d e la y  m ethod. The
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The system  was re p e a te d ly  p u ls e d  and th e  o u tp u t s ig n a l  a v e rag e d .
The m agnitude o f  th e  m a g n e tiz a tio n  was m easured  and graphed  as  th e  
lo g  o f  t h e  m a g n e tiz a tio n  v s .  t im e , where th e  s lo p e  o f  t h e  l i n e  was 
ta k e n  a s  t h e  r e la x a t io n  r a t e .  The m easurem ents were ta k e n  a t  room 
te m p e ra tu re  and a t  a lo w  te m p e ra tu re  o f  e i t h e r  150°K o r  110°K.
E. K night S h i f t s
The m a jo r i ty  o f  th e  sam ples were m easured a t  room tem p er­
a tu r e  and a t  T7°K, and a  few were a ls o  m easured  a t  U°K. The UMR 
a p p a ra tu s ,  shown d ia g ra m a t ie a l ly  in  F ig .  5 , c o n s i s te d  o f  a  l o c k - in  
a m p l i f i e r ,  d r iv in g  a  f i e l d  m o d u la tio n  c o i l  and  m easu rin g  th e  change 
in  r a d io  fre q u e n c y  power l e v e l  o f  a  tu n e d  c i r c u i t  (sam ple ) in  th e  
m agnet a s  th e  f i e l d  i s  swept th ro u g h  th e  re so n a n c e . Most sam ples 
were m easured  w ith  a  m a rg in a l o s c i l l a t o r ,  w hich re sp o n d s  to  th e  
change i n  th e  ta n k  c i r c u i t  Q v a lu e s  a s  t h e  sam ple a b so rb s  en e rg y  
when th e  f i e l d  i s  swept th ro u g h  th e  re so n a n c e .
The o u tp u t i s  a m p lif ie d  and th e n  d e l iv e r e d  to  a  s ig n a l  
a v e ra g in g  com puter. For a  f i e l d  m o d u la tio n  am p litu d e  o f  l e s s  th a n  
th e  re so n an ce  l i n e  w id th , th e  o u tp u t a p p e a rs  a s  th e  d e r iv a t iv e  o f  
th e  re so n a n c e  l i n e .  By accu m u la tin g  a  number o f  sw eeps, th e  s ig n a l  
t o  n o is e  r a t i o  im proves a s  t h e  s ig n a l  adds c o h e re n t ly  w h ile  th e  
n o is e  adds random ly .
One ad v an tag e  o f  t h e  above m ethod i s  t h a t  t h e  system  
m easures r e s i s t a n c e  o n ly ,  a n d , f o r  sam ples o f  th ic k n e s s  l e s s  th a n  
t h e  sk in  d ep th  o f  th e  m a te r ia l ,  t h i s  system  m easures °)( , th e
R e p ro d u c e d  with p e rm iss io n  of th e  co p y rig h t o w n er. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
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a b s o r p tiv e  p a r t  o f  t h e  e f f e c t iv e  s u s c e p t i b i l i t y .  As th e  sam ples
were t h i n  f i lm s  on th e  o rd e r  o f  20  m icrons t h i c k ,  and  amorphous
w ith  p o o r c o n d u c t iv i ty ,  l i t t l e  o r  no eddy c u r re n t  m ix ing  o f  %
( d i s p e r s iv e )  and %  ( a b s o rp t iv e )  i s  e x p e c te d . The r e s i s t i v i t y  o f
N is o ^ o  al30U't  e ig h ty  t im e s  t h a t  o f  co p p e r. Copper h a s  a  sk in
26d ep th  o f  ab o u t 20 m icro n s a t  abou t 10 MHz, th e r e f o r e  t h e  s k in  d ep th  
o f  t h e  NiP sam ples i s  much g r e a t e r  th a n  th e  sam ple t h ic k n e s s .
The m agne tic  f i e l d  was found t o  be homogeneous to  l e s s  
th a n  h a l f  a  g auss o v e r  a  r a d iu s  o f  abou t 2 cm a t  th e  sam ple p o s i t i o n .  
The m agne tic  f i e l d  a t  t h e  sam ple s i t e  was checked b e f o re  and  a f t e r  
any s e r ie s  o f  m easurem ents by m easu ring  th e  ^ P  re so n a n c e  o f  a  
p h o sp h o ric  a c id  r e f e r e n c e .
R e p ro d u c e d  with p e rm iss io n  of th e  co p y rig h t o w n er. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
I I I .  KNIGHT SHIFTS, THEORY IN TRANSITION METAL ALLOYS
The o b serv ed  n u c le a r  m agnetic  reso n an ce  (NMR) freq u en c y
o f  a  p a r t i c u l a r  n u c le u s  i n  a  sam ple i s  d is p la c e d  from t h a t  m easured
in  a  d iam ag n e tic  compound. T h is d isp la ce m e n t i s  c a l le d  t h e  K night
27s h i f t  a f t e r  i t s  d is c o v e r e r ,  W. D. K n ig h t. For a  g iv en  n u c le a r  
gy rom agnetic  r a t i o ,  t h e  K night s h i f t  i s  -w ritten  as
50 = K,
s  slni-ft (iv» %)
The K night s h i f t  sam ples t h e  p o l a r iz a t io n  o f  t h e  con­
d u c tio n  e le c t r o n s  in  a  m e ta l b ec au se  o f  th e  no n -z ero  p r o b a b i l i t y
o f  such  e le c t r o n s  a t  th e  n u c le a r  s i t e .  The s h i f t  i s  o f te n  w r i t t e n
as a  fu n c tio n  o f  th e  s u s c e p t i b i l i t y  and th e  n u c le a r  co u p lin g
For a  sim ple m e ta l ,  th e  co n d u c tio n  e le c t r o n  s u s c e p t i b i l i t y  
i s  d i r e c t l y  r e la t e d  t o  t h e  c o n d u c tio n  e le c t r o n  d e n s i ty  o f  s t a t e s  
a t  t h e  Ferm i s u rf a c e  by % = u ^ N ^ E ^ J , t h e  P a u l i  s u s c e p t i b i l i t y .
The s i tu a t io n  in  t r a n s i t i o n  m e ta ls  and  t r a n s i t i o n  m e ta l a l lo y s  i s  
n o t so s im p le . The d bands dom inate th e  band s t r u c t u r e ,  and a r e
lU
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narrow  and much h ig h e r  th a n  th e  co n d u c tio n  e l e c t r o n  d e n s i ty  o f  s t a t e s .  
In  th e  t r a n s i t i o n  m e ta ls  th e  d hand d e n s i ty  o f  s t a t e  (DOS) dom inates 
th e  m agnetic  c h a r a c te r  o f  th e  m e ta l ,  even in  t h e  n o n -fe rro m a g n e tic  
r e g io n , a s  can he seen  in  F ig . 6 . A n a ly s is  o f  NMR d a ta  can g iv e  
some in fo rm a tio n  ah o u t th e  s t r u c t u r a l  e l e c t r o n i c  and m agne tic  p ro ­
p e r t i e s  o f  m a te r ia l s .  In  p a r t i c u l a r  MR a n a ly s is  y i e ld s  in fo rm a tio n  
ahou t th e  l o c a l  environm ent o f  th e  p robe n u c l e i ;  t h e i r  n e a r  n e ig h ­
b o r s ,  and th e  l o c a l  s u s c e p t i b i l i t i e s  and d e n s i t i e s  o f  s t a t e s .  Exact 
assessm en t o f  th e s e  p h y s ic a l  p r o p e r t ie s  from  NMR d a ta  i s  d i f f i c u l t ,  
h u t o f te n  NMR d a ta  s e rv e s  a s  a  way o f  t e s t i n g  and co n firm in g  r e s u l t s  
from  o th e r  s o u rc e s .
The fo llo w in g  s e c tio n s  examine th e  te rm s  p re s e n t  i n  th e  
K night s h i f t  and in  p a r t i c u l a r ,  th o s e  te rm s  which a re  p e r t i n e n t  to  
amorphous NiP and NiCoP a l l o y s .  The e q u a tio n  f o r  th e  K night S h if t  
w i l l  be co n s id e re d  fo r  t h e  case  o f  in d ep e n d en t hands and th e n  fo r  
th e  ca se  o f  h y b r id iz a tio n  betw een th e  im p u rity  (phosp h o ru s) v a le n ce  
band and th e  t r a n s i t i o n  m eta l d b an d . A lso  exam ined w i l l  be t h e  
re sp o n ce  o f  th e  d band  to  h y b r id iz a tio n  and change o f  im p u r ity  con­
c e n t r a t io n  and p o t e n t i a l .
A. Theory f o r  Independen t Bands
The m ost commonly d e r iv e d  e x p re s s io n  i s  t h e  c o n ta c t  te rm  
w hich g iv e s  t h e  s h i f t  due t o  n o n - in te r a c t in g  s e l e c t r o n s  in  a  sim ple 
m e ta l . I t  i s  g e n e ra l ly  w r i t t e n  a s
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■where:
a g i s  t h e  h y p e r f in e  co u p lin g  f o r  t h e  s  e l e c t r o n s .
%  i s  t h e  s u s c e p t i b i l i t y  f o r  s  e l e c t r o n s .
^ s (0 )2 \  i s  t h e  p r o b a b i l i t y  o f  s e l e c t r o n s ,  o f  en e rg y  Ef , 
a t  t h e  n u c le a r  s i t e  ( r  = .0 ) .  
i s  t h e  Bohr m am eto n .
Ng(Ef ) i s  t h e  d e n s i ty  o f  s  s t a t e s  a s  t h e  fe rm i s u r f a c e .
In  g e n e ra l ,
In  a d d i t io n  to  t h e  c o n ta c t  te rm , t h e  K night s h i f t  a ls o  
in c lu d e s  te rm s  w hich co u p le  t o  th e  c o n ta c t  te rm , and on o c c a s io n  
a  sp in  d ip o la r  te rm  o f  o th e r  te rm s  r e l a t i n g  t o  th e  o r b i t a l  c h a ra c ­
t e r  o f  t h e  e le c t r o n  s t a t e s .  The d ip o la r  te rm  i s  a n i s o t r o p ic ,  b u t
in  an amorphous a l l o y s  would o n ly  c o n t r ib u te  to  th e  b ro a d en in g  o f  
th e  re so n an ce  l i n e ,  due to  th e  i s o tr o p i c  c h a r a c te r  o f  t h e  amorphous 
a llo y ..
There a l s o  e x i s t s  a  c o n t r ib u t io n  due t o  th e  p o l a r i z a t i o n  
o f  a to m ic - l ik e  c lo s e d  s e l e c t r o n  s h e l l s .  These c o re  s t a t e s  a re  
p o la r iz e d  by n o n -s  e le c t r o n s  th ro u g h  a  sp in  i n t e r a c t i o n  when p o la r ­
iz e d  n o n -s  e le c t r o n s  a t  th e  Fermi s u r f a c e  i n t e r a c t  w ith  th e  c lo s e d  
co re  l e v e l s .  The in t e r a c t i o n  changes t h e  c o n ta c t  p r o b a b i l i t y  o f
R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
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t h e  a f f e c t e d  s t a t e s  such  th a t f $ ’+ ( 0 ) 2j ( 0 ) 2| #  0 , w ith o u tco re  * » c o re
chang ing  th e  n e t  p o l a r i z a t i o n  o f  th e  c o re  l e v e l s .  The c o re  p o l a r ­
i z a t i o n  te rm  can he e i t h e r  p o s i t i v e  o r  n e g a t iv e  depend ing  upon th e  
ty p e  o f  e le c t r o n  r e s p o n s ib le  f o r  th e  e f f e c t .  W hile d s t a t e s  g e n e ra l ly  
cau se  a  n e g a t iv e  p o l a r i z a t i o n ,  p s t a t e s  can cause  e i t h e r  p o s i t i v e  
o r  n e g a t iv e  p o l a r i z a t i o n .  A lthough th e  d a ta  i s  in c o m p le te , th e  
change from  n e g a t iv e  to  p o s i t i v e  i s  th o u g h t to  o cc u r a t  ah o u t th e
) i 28Ap l e v e l .
F u r th e r  K night s h i f t  te rm s  can come from  th e  d iam ag n e tic  
s u s c e p t i b i l i t y ,  t h e  o r b i t a l  o r  Van V leck  te rm s , and  from  sp in  and 
d e n s i ty  o s c i l l a t i o n s  o f  t h e  c o n d u c tio n  e l e c t r o n s  from  RKKY o s c i l ­
l a t i o n s .  S pin  RKKY te rm s  a r e  g e n e ra l ly  due to  t h e  p re se n c e  o f  a 
l o c a l  moment w hich in d u c e s  a  r a d i a l l y  o s c i l l a t i n g  sp in  re sp o n se  
i n  th e  co n d u c tio n  e l e c t r o n s .  D e n s ity  RKKY te rm s  come f ro m 'th e  
i n t r o d u c t io n  o f  an  im p u rity  w hich draws o r  e x c lu d e s  c o n d u c tio n  
e l e c t r o n s  and so in d u ce s  a  r a d a i l l y  o s c i l l a t i n g  c o n d u c tio n  e le c t r o n  
ch a rg e  d e n s i ty .  In  m ost c a s e s  on ly  a  few o f  th e s e  te rm s  m ight a p p ly , 
b u t a  com plete e x p re s s io n  f o r  t h e  K night s h i f t  w ould b e :
K -  K . - ‘ Kf«-fcA«-Kvv* l W * K 4*
w here in  th e  p re se n c e  o f  a  l o c a l  moment t h e  c o n d u c tio n  e le c t r o n  
te rm  becom es, Ks#RKKy>
In  th e  l i t e r a t u r e ,  K^ and K^ o f te n  r e p r e s e n t  n o t o n ly  th e  
c o re  p o l a r i z a t i o n  te rm s , b u t a ls o  th e  co n d u c tio n  band re sp o n se  t o
R e p ro d u c e d  with p e rm iss io n  of th e  co p y rig h t o w n er. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
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26,28t h e  s -d  a d m ix tu re . ’ In  t h i s  d is c u s s io n  th e y  w i l l  o n ly  re p re s e n t  
th e  co re  p o l a r i z a t i o n ,  a l l  a d d i t io n a l  co n d u c tio n  e l e c t r o n  p o la r i z a ­
t i o n  w i l l  be ab so rb ed  in to  Kg .
a c t in g  e l e c t r o n s ,  how ever, in  t r a n s i t i o n  m e ta ls  th e  d band  dom inates 
th e  e l e c t r o n  s t r u c tu r e  and in  p a r t i c u l a r ,  th e r e  i s  a  s t ro n g  d -d  
exchange i n t e r a c t io n  which e n te r s  i n to  th e  m agnetic  b e h a v io r . I f  
th e  s u s c e p t i b i l i t y  i s  w r i t t e n  to  in c lu d e  t h i s  i n t e r a c t i o n ,  th e n  
th e  S to n e r fo rm ula fo r  th e  s u s c e p t i b i l i t y  o f  th e  d band i s  w r i t t e n
where i s  th e  d -d  in t e r a c t io n  s t r e n g th  and i s  known a s  th e  
S to n e r enhancement f a c to r .  The S to n e r enhancement f a c to r  r e p re s e n ts  
t h e  a d d i t io n a l  s p l i t t i n g  o f  th e  up and down sp in  bands due to  th e  
e l e c t r o n - e le c t r o n  in t e r a c t io n  and i s  a  v e ry  s ig n i f i c a n t  te rm  i n  th e  
t r a n s i t i o n  m e ta ls .  Note t h a t  th e  t r a n s i t i o n  from p aram agne tic  t o  
fe rro m a g n e tic  b eh a v io r o c c u rs  when ( l  -  U ^N ^(E ^)) = 0 , t h a t  i s ,  
when th e  enhancement f a c to r  becomes i n f i n i t e .  E le c tr o n - e le c t r o n  
enhancement i s  a l s o  p re s e n t f o r  th e  s and p e le c t r o n  b an d s , b u t th e  
in t e r a c t i o n  s t r e n g th  i s  sm all and th e y  e f f e c t iv e ly  a c t  a s  f r e e  e l e c ­
t r o n s .  O ften  th e  s and p e le c t r o n s  a r e  mixed in  th e  co n d u c tio n  band , 
and in  t h i s  p a p e r  t h i s  band w i l l  be r e f e r r e d  to  as th e  v a le n c e  band.
The above term s a re  fo r  in d ep e n d en t bands o f  n o n - in t e r -
a s : '.30
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F or pho sp h o ru s , one e x p e c ts  th e  m a jo r i ty  o f  t h e  e le c t r o n s  
a t  th e  Ferm i s u rfa c e  t o  he ,p - l ik e  h u t ,  s in c e  t h e  n u c le a r  c o u p lin g  
f o r  s e l e c t r o n s  i s  so much g r e a t e r  th a n  t h a t  f o r  p e l e c t r o n s ,  even 
a  sm all s  e le c t r o n  d e n s i ty  can s t ro n g ly  c o n t r ib u te  to  t h e  v a le n c e  
hand K night s M f t .  To s im p li fy  t h e  d is c u s s io n , i t  h as  heen  assumed 
t h a t  t h e  n u c le a r  c o u p lin g  te rm s  can he ta k e n  a s  c o n s ta n ts  th ro u g h ­
o u t th e  co m p o sitio n  ra n g e o f  th e  sam ples.
The o r h i t a l ,  Van V leck and d iam ag n e tic  te rm s  a re  im p o rtan t 
i n  some m a te r ia l s ,  hu t sho u ld  n o t c o n t r ib u te  s i g n i f i c a n t l y  in  KiP 
and NiCoP m e ta l l i c  g l a s s e s .  The f i r s t  two term s a r e  l a r g e s t  f o r
h a l f  f i l l e d  d h an d s, and s in c e  th e  d hands in  th e s e  a l lo y s  a re  n e a r ly  
29f i l l e d ,  t h e s e  te rm s  can he ig n o re d . The d iam ag n e tic  s h i f t  i s
26im p o rta n t in  m e ta ls  such a s  b e ry ll iu m  and b ism uth  h u t shou ld  he
v e ry  sm all in  th e s e  a l l o y s .  A l a t e r  s e c tio n  shows t h a t  th e  K and K.
P a-
co re  p o l a r i z a t i o n  te rm s can he ig n o re d  s in c e  th e  p o l a r i z a t i o n  o f  
t h e  phosphorus co re  l e v e ls  i s  much sm a lle r  th a n  th e  c o n ta c t  te rm .
The term s due t o  RKKY charge  d e n s i ty  o s c i l l a t i o n s  a re  
l e s s  im p o rta n t in  h u lk  a l lo y s  th a n  in  d i l u te  sy s tem s , and can he 
ig n o re d . The RKKY te rm  due t o  t h e  p re sen ce  o f  l o c a l  moments in  
t h e  m a te r ia l  cannot he so e a s i l y  d is c a r d e d . Many o f  th e  a l lo y s  
have c o m p o sitio n s  v e ry  c lo s e  to  t h e  fe rro m a g n e tic  t r a n s i t i o n  p o in t  
(FMTP) and  so th e  p r o b a b i l i t y  o f  l o c a l  moment fo rm a tio n  i s  h ig h .
A lo c a l  moment p roduces a  p o l a r i z a t i o n  d e n s ity  d i s t r i b u t i o n ,  w ith  
th e  m agnitude dete rm ined  by th e  s t r e n g th  o f  t h e  lo c a l  moment, and 
t h e  s p a c ia l  development p r o p o r tio n a l  t o : ^ °
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w here x = 2k^R. For l a r g e  d i s ta n c e s  t h i s  may h e  w r i t t e n  a s :
w here 7j^ i s  a  ph ase  s h i f t ; .
The o s c i l l a t i n g  p o la r i z a t i o n  d e n s i ty  h as  h o th  p o s i t i v e  
and n e g a tiv e  c o n t r ib u t io n ,  h u t t h e  i n i t i a l  n e a r e s t  n e ig h b o r c o n t r i -
t r i h u t i o n  to  th e  K night s h i f t  i s  n e g a tiv e  f o r  alm o st a l l  m a te r ia l s ,  
a s  seen  in  F ig . 7 , and th e  s p in  f i e l d  th e n  has an a v e rag e  n e g a tiv e  
c o n t r ib u t io n  to  t h e  K night s h i f t . The s p in  f i e l d  a l s o  -causes ' 
b ro a d en in g  o f  th e  l in e w id th .  Both th e  change in  t h e  K night s h i f t  
and th e  l in e w id th  a r e  te m p e ra tu re  d ep e n d en t, fo llo w in g  th e  tem p er­
a tu r e  dependence o f  th e  s t r e n g th  o f  th e  l o c a l  moment and in c re a s in g  
a s  th e  te m p e ra tu re  i s  reduced'?"1'
e i t h e r  th e  c o n ta c t  te rm , K , o r  th e  c o n ta c t  te rm  m o d ified  by  th e  
p re se n c e  o f  l o c a l  moments, Kg ®ie cont a c t  te rm  h as  ab so rb ed
th e  e x t r a  p o l a r i z a t i o n  due t o  s -d  h y b r id iz a t io n .
In  th e  fo llo w in g  s e c tio n s  t h e  v a le n c e  band  w i l l  be exam ined
f o r  th e  ca se  o f  i n t e r a c t i n g  bands by u se  o f  a  h y b r id iz e d  band  th e o r y ,  
and i t  w i l l  a llo w  a  much c l e a r e r  u n d e rs ta n d in g  o f  t h e  p ro b a b le  e l e c ­
t r o n i c  s t r u c tu r e  o f  t h e  amorphous a l l o y s .
b u t io n  dom inates due t o  t h e  In d e p e n d e n c e  o f  th e  f i e l d .  T h is  co n -
The e x p re s s io n  f o r  th e  K night s h i f t  h as  been  re d u c e d  t o
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B. A nderson V i r tu a l  Band Model 
32A nderson d e r iv e d  an e x p re s s io n  f o r  t h e  p o l a r i z a t i o n  o f  
' th e  c o n d u c tio n  hand i n  t h e  p re se n c e  o f  a  re so n a n t d s t a t e . W ith 
t h i s  A nderson was a b le  t o  d e r iv e  t h e  A nderson-C logston  Compensation 
Theorem, w hich showed t h a t  t h e  l o c a l  moment d id  n o t a d d i t i o n a l ly  
p o l a r i z e  t h e  co n d u c tio n  h and . However, he d id  n o t exam ine th e  
p o s s ib le  p o l a r i z a t i o n  when th e  moment was n o t form ed. The e q u a tio n s  
w hich fo llo w  show th e  r e s u l t  o f  such  a s  ex a m in a tio n .
By u se  o f  a p p ro x im a tio n s , A nderson showed t h a t  t h e  con­
d u c tio n  hand re sp o n se  t o  th e  re s o n a n t d s t a t e  may h e  w r i t t e n  a s :
I t  i s  o bv ious t h a t  th e  P q ( E )  te rm  sim ply  y i e ld s  t h e  n o r­
mal P a u l i  s u s c e p t i b i l i t y ,  t h e  second te rm  i s :
w here
Er  i s  t h e  en e rg y  o f  th e  v i r t u a l  d s t a t e .
V., i s  th e  s -d  ad m ix tu re  m a tr ix  e le m e n t, dk
P = H \V  sd\ 2/3s (E) r e p r e s e n ts th e  l i f e t i m e  b ro a d en in g  o f
th e  d s t a t e  due t o  th e  a d m ix tu re , V ^ ,  
betw een th e  d s t a t e  and th e  co n d u c tio n
b an d , ^ ( E ) .
The t o t a l  number o f  e le c t r o n s  o f  a  g iv en  s p in  i s :
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Anderson so lv e s  f o r  th e  p o l a r i z a t i o n  f o r  t h e  l o c a l  moment 
c a se  and f in d s :
a n v *  i r  '
s in c e  ^  -  E+\ =  ^E -  E ^ f o r  t h e  l o c a l  moment c a s e .
I f  t h e  d s t a t e  does n o t form a  l o c a l  moment, th e n  th e  
above c o n d i t io n  i s  n o t s a t i s f i e d .  In  th e  p re se n c e  o f  an e x te rn a l  
m agnetic  f i e l d  th e  d s t a t e  e n e rg ie s  become: E+ = E^ -  ^E and
E = E^ + / e , w h e r e W i t h  t h i s ,  t h e  p o la r iz a t io n  
i n t e g r a l ,  f o r  sm all $E , becomes:
3UThus th e  s u s c e p t i b i l i t y  has th e  form
where I  i s  t h e  i n t e g r a l  o r  summation o f  t h e  co n d u c tio n  band r e ­
sponse t o  t h e  ad m ix tu re  w ith  th e  d s t a t e .
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The i n t e g r a l  te rm , I ,  must he in  th e  form o f  a  s t a t e  den­
s i t y ,  and from th e  d e r iv a t io n  i t  sh o u ld  re p re s e n t  th e  change in  th e  
c o n d u c tio n  e l e c t r o n  d e n s i ty  o f  s t a t e s  due t o  s -d  h y b r id iz a t io n .  
Because o f  A n d e rso n 's  e v a lu a t io n  te c h n iq u e , th e  i n t e g r a l  te rm  la c k s  
some te rm s  w hich w ould he p re s e n t  i n  a  more e x a c t d e r iv a t io n .  The 
n ex t s e c tio n  exam ines a  more r ig o ro u s  approach  to  th e  problem  o f  
h y b r id iz a tio n  in  t r a n s i t i o n  m eta l a l l o y s .
C. T e r a k u ra 's  H y b rid ize d  Band T heory, Fano A nti-R esonance
The c o r r e l a t i o n  betw een T e r a k u ra 's  e q u a tio n s  and th o se  
from th e  A nderson model i s  c lo s e .  B oth s t a r t  w ith  th e  same G re e n 's  
fu n c tio n , b u t T e r a k u ra 's  d e r iv a t io n ^  i s  more e x a c t  th a n  A n d e rso n 's . 
The m echanics o f  t h i s  d e r iv a t io n  may be found in  r e fe r e n c e  35- 
The lo c a l  d e n s i ty  o f  s t a t e s  a t  th e  n o n - t r a n s i t i o n  m eta l s i t e  i s  
shown by T erak u ra  t o  b e :
A and B a r e  th e  r e a l  and im ag in ary  p a r t s  r e s u l t i n g  from summation 
o v er th e  G reen 's  fu n c tio n  by  k and k '  (The i n i t i a l  and f i n a l  con­
d u c tio n  e le c t r o n  s t a t e s ) .
where
i s  th e  w id th
i s  th e  en erg y  s h i f t
fu n c tio n
N i s  th e  o r ig in a l  d e n s i ty  o f  s t a t e s  (DOS) o
i s  t h e  h y b r id iz e d  DOS
i s  t h e  en erg y  e ig e n v a lu e  o f  th e  d s t a t e s ,  and where
R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
2k
The h y b r id iz e d  band e q u a tio n  may b e  w r i t t e n  a s :
'Vo (e- E i - ^ + r 1
where U = B2 /^TlN0 ( E ) , and by  s u b s t i t u t i n g  £ ,=  (E -E ^ - A ) / p  and 
q = A/B i t  becom es:
v No=
The l a s t  te rm  in  t h e  above e q u a tio n  i s  i n  th e  form  o f  a  
Fano a n t i - r e s o n a n c e .^  An a n t i - r e s o n a n c e  s h i f t s  s t a t e s  from  th e  
p o s i t i o n  o f  t h e  a n t i - r e s o n a n c e  t o  h ig h e r  and low er e n e r g ie s .  S in c e  
th e  second te rm  in  t h e  f i r s t  e q u a tio n  i s  s o l e ly  a  fu n c tio n  o f  t h e  
en e rg y  o f  t h e  d s t a t e ,  i t  i s  sim p le  t o  show t h a t  t h e  d e r iv e d  su s ­
c e p t i b i l i t y  from  T e r a k u ra 's  e q u a tio n s  i s  o f  t h e  A nderson form :
*  X ,  . « , <  M l  S i  O k ( b )
A n d e rso n 's  i n t e g r a l  h as  been  re p la c e d  by th e  d i f f e r e n c e  
betw een th e  new h y b r id iz e d  b an d , DOS, c a lc u la te d  from th e  summations 
o f  t h e  te rm s in  th e  second e q u a t io n , and t h a t  fo r  t h e  o r i g i n a l  un ­
h y b r id iz e d  v a la n c e  band . As would be e x p e c te d , th e  change in  t h e  
d e n s i ty  o f  s t a t e s  s h i f t s  w ith  th e  d band d e n s i ty  o f  s t a t e s  and so
re sp o n d s t o  t h e  m agnetic  f i e l d  w ith  th e  same enhancement f a c t o r  a s
37t h a t  o f  th e  d s t a t e s .  In  a  l a t e r  p ap e r T erak u ra  d e r iv e s  an 
e q u iv a le n t  e x p re s s io n  f o r  th e  s u s c e p t i b i l i t y  by a  more co m p lic a te d
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p ro c ed u re  and f i n d s :
u j k e r * -  0 6  =
I t  i s  im p o rta n t  t o  n o te  t h a t  th e  enhanced  te rm  i s  t h e  d i f ­
fe re n c e  betw een th e  h y b r id iz e d  and o r i g i n a l  d e n s i ty  o f  s t a t e s ,  and 
t h a t  t h i s ' t e r m  may be e i t h e r  p o s i t i v e  o r  n e g a t iv e .  I f  t h e  d band 
enhancement f a c t o r ,  ( e i t h e r  S^(E^) o r  <X) i s  l a r g e ,  and th e  enhanced  
te rm  n e g a t iv e ,  th e n  th e  p o l a r i z a t i o n  o f  t h e  v a le n c e  e l e c t r o n s  co u ld  
be la r g e  and n e g a t iv e .
In  o rd e r  t o  e x p lo re  t h e  f a c e t s  o f  th e  t h e o r y ,  T erak u ra
h as  done n u m eric a l c a l c u l a t i o n s  t o  d ind  th e  h y b r id iz e d  d e n s i ty  o f
s t a t e s  o f  an im p u rity  by u se  o f  a  c l u s t e r  r e p r e s e n ta t io n  f o r  th e
36 37
t r a n s i t i o n  m e ta l  atom s su rro u n d in g  th e  im p u r i ty .  The im p u rity
was r e p re s e n te d  by  a  sq u are  w e ll  p o t e n t i a l  o f  d e p th  and ra d iu s
’a ’ , th e  u n h y b rid iz e d  d e n s i t i e s  o f  s t a t e s  and wave fu n c tio n s  f o r  
b o th  th e  sq u are  w e ll  and th e  m eta l atoms were d e te rm in e d  and th e  
e f f e c t s  o f  t h e  h y b r id iz a t io n  were c a l c u l a t e d .  T h is  g e n e ra te s  th e  
v a lu e s  f o r  A (E ), P( E ) and q (E ) , which th e n  a llo w s  one t o  c a l c u l a t e  
th e  h y b r id iz e d  v a le n c e  band DOS. T e r a k u ra 's  d iag ra m s, see n  in  
F ig .  8 , show how'N^(E) v a r ie s  a s  a  fu n c tio n  o f  th e  im p u r ity  p o t e n t i a l  
o r  an  im p u r ity  su rro u n d ed  by tw e lv e  n ic k e l  a to m s, w hich c o rresp o n d s  
to  a  f i r s t  n e a r e s t  n e ig h b o r c l u s t e r  o f  a  FCC l a t t i c e .  I t  i s  i n t e r e s t ­
in g  t o  n o te  t h a t  th e  'd i p '  o r  a n t i - r e s o n a n c e  p o s i t i o n  i s  l o c a te d
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a t  E& = + A(E) -  q (E ) P ( E )  and th e  u p p er peak  in  th e  h y b r id iz e d
v a le n c e  hand i s  lo c a te d  a t  E = E , + A(E) + P (E ) /q (E ) .  Note t h a t  
p  d
th e  d ip  p o s i t i o n  i s  n e a r ly  in d ep e n d en t o f  th e  p o t e n t i a l  o f  th e  im­
p u r i t y ,  and t h a t  t h e  h y b r id iz e d  band peak r i s e s  and s h i f t s  tow ard  
th e  d band a s  t h e  p o t e n t i a l  o f  th e  im p u r ity  i s  in c re a s e d .
S in ce  T e r a k u ra 's  c a l c u l a t i o n s  a r e  f o r  c l u s t e r s  o f  n ic k e l  
about an im p u r i ty ,  w hich i s  s im i la r  t o  t h e  s t r u c t u r a l  c h a r a c te r  o f  
amorphous N iP , some c o n c lu s io n s  about th e  p ro b a b le  form o f  a  model 
f o r  th e  a l lo y s  m ight be made. The n e x t s e c tio n  w i l l  d i s c u s s  co re  
p o l a r i z a t i o n ,  and  th e  e f f e c t s  o f  h y b r id iz a t io n  upon th e  t r a n s i t i o n  
m eta l d band  and th e  p o s i t i o n  o f  th e  Ferm i l e v e l .
D. N eg ativ e  P o la r i z a t i o n ;  Core P o la r iz a t io n
I t  was s t a t e d  t h a t  i t  was u n l ik e ly  t h a t  a  l a r g e  co re  
p o l a r i z a t i o n  te rm  was p re s e n t  in  th e  NiP amorphous a l l o y s .  The p re v ­
io u s  s e c tio n s  i n d ic a te d  t h a t  t h e  enhanced s u s c e p t i b i l i t y  eq u a tio n  
was c a p a b le  o f  ac c o u n tin g  f o r  a  s t ro n g ly  enhanced  n e g a t iv e  p o l a r i ­
z a t io n  o f  th e  co n d u c tio n  b an d , i f  th e  im p u rity  p o t e n t i a l  was weak 
enough t o  a l lo w  th e  d if f e r n e c e  betw een th e  h y b r id iz e d  and o r ig i n a l  
d e n s i t i e s  o f  s t a t e s  t o  be n e g a tiv e  i n  t h e  p re se n c e  o f  a  s t ro n g  enhance­
ment te rm .
F ig u re  9 shows t h a t  f o r  a  s t ro n g  im p u r ity  p o t e n t i a l ,
S^(E^) i s  p o s i t i v e  and f o r  a  weak p o t e n t i a l  S^(E^,) i s  n e g a t iv e .  I f  
t h e  d iagram  in  F ig . 9a • re p re s e n te d  th e  h y b r id iz e d  im p u r ity  band o f  
d i l u t e  s i l v e r  i n  p a lla d iu m , th e n ,  f o r  an exchange enhancement f a c to r
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S^(Ef ) = 8 .0 ,  (n e a r ly  t h a t  o f  p u re  p a lla d iu m ), and f o r  a  d e n s i ty
o f  s t a t e s  d i f f e r e n c e  o f  S^(Ef ) = -0 .5N 0 (Ef ) 0+, th e  K night s h i f t
would he ahou t -1 .^66% . T h is  v a lu e  i s  n e a r  th e  e x p e rim e n ta l v a lu e
o f  -1.5% fo r  an a l l o y  o f  1.0% s i l v e r  in  p a lla d iu m .2^ F u rth e rm o re ,
i f  t h e  Fermi l e v e l  were t o  r i s e  a s  th e  in p u r i t y  c o n c e n tra tio n  in - -
c re a s e d , th e n  % and K would r i s e  u n t i l  th e y  reach ed  th e  v a lu e s  f o r
t h e  p u re  m eta l a s  th e  Fermi energy  mapped o u t h o th  t h e  enhancement
f a c to r  and (Ef ) .  Thus th e  com p o sitio n  dependent K night s h i f t
w ould have th e  appearence  o f  a  c o re  p o l a r i z a t i o n ,  h u t n e g a tiv e
co n d u c tio n  e le c t r o n  p o la r i z a t i o n  caused  hy  th e  h y b r id iz a tio n  g iv e s
a  more com plete e x p la n a t io n .
I t  i s  p e r t i n e n t  t o  n o te  t h a t  n e g a tiv e  K night s h i f t s  o f
t h i s  form  o n ly  ap p e ar to  ta k e  p la c e  f o r  low  v a le n c e  atoms such as
'i hydrogen , s i l v e r  and co p p e r, when th e y  a c t  a s  d i l u t e  im p u r i t i e s  in  
26p a lla d iu m . H igher v a le n ce  atom s such a s  aluminum do n o t show th e
26s tro n g  n e g a tiv e  K night s h i f t s  seen  in  th e  low v a le n c e  im p u r i t i e s .
I t  would seem t h a t  th e  n e g a tiv e  K night s h i f t s  a r e  n i c e ly  e x p la in e d  
f o r  th e  c a se  o f  sh allo w  im p u rity  p o t e n t i a l s  in  t r a n s i t i o n  m eta l 
a l l o y s .
Freeman and W a tso n ^  have shown t h a t  f o r  an  i r o n  atom ,
th e  co re p o l a r i z a t i o n  caused  hy an u n p a ire d  4s e le c t r o n  i s  ahou t one
39 40t e n th  th e  s iz e  o f  th e  d i r e c t  c o n ta c t  te rm . Katayama, e t  a l . , 
have c o n s id e re d  th e  d if f e r e n c e  betw een hyper f in e  f i e l d s  ( H ^ )  caused  
hy th e  l o c a l  h y b r id iz e d  d e n s i ty  o f  s t a t e s  and t h a t  l i k e l y  t o  o cc u r 
due to  c o re  p o l a r i z a t i o n .  For th e  c a se  o f  h ig h  v a la n c e  im p u r ity  atoms
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i n  n i c k e l  m e ta l , t h e y • conc lude  t h a t  " th e  d i r e c t  Ferm i c o n ta c t  i n -
.. 39t e r a c t i o n  i s  re s p o n s ib le  f o r  t h e  sy s te m a tic  v a r ia t io n  o f  .
T h is  co u p le d  w ith  t h e  a n a ly s i s  o f  th e  model le a d s  t o  t h e  c o n c lu s io n  
t h a t  o n ly  sm all c o re  p o l a r i z a t i o n  te rm s  a re  p re s e n t  in  th e s e  a l l o y s .
The e a r l i e r  m ention  o f  a  r i s i n g  Ferm i l e v e l  m apping o u t 
th e  d e n s i ty  o f  s t a t e s  and th e  enhancement f a c to r  was l in k e d  to  a  
c o n c e n tra tio n  change in  t h e  a l l o y s .  The re sp o n se  o f  th e  d hand 
t o  h y b r id iz a t io n  and r i s i n g  im p u rity  c o n c e n tra tio n  i s  t h e  s u b je c t  
o f  th e  fo llo w in g  s e c t io n s .
E. H y b rid ize d  T r a n s it io n  M etal D Band D e n s ity  o f  S ta te s
A m odel developed  by  K. T erak u ra  can a llo w  some u n d er­
s ta n d in g  o f  th e  change o f  t h e  t r a n s i t i o n  m eta l d bands upon a l l o y ­
in g .  T here a r e  two e s s e n t i a l  c o n c e p ts , t h a t  t h e  d band i s  b ro a d ­
ened and some number o f  d s t a t e s  a re  s h i f t e d  t o  h ig h e r  e n e rg ie s  
by  th e  h y b r id i z a t io n ,  and t h a t  f o r  c o v a le n t bo n d in g , t h a t  i s ,  no 
ch a rg e  t r a n s f e r ,  th e  d band f l o a t s  in  r e l a t i o n  t o  t h e  Ferm i en erg y  
in  such  a  way a s  t o  conse rve  t h e  number o f  d ’h o l e s ' p e r  atom s f o r  
th e  t r a n s i t i o n  m e ta l e le m e n t. Thus t h e  d band a p p e a rs  t o  s in k  b e ­
low  th e  Ferm i l e v e l ,  b u t  a c tu a l ly  m a in ta in s  th e  same number o f  
empty d s t a t e s  above th e  Ferm i en e rg y . The appearence  o f  t h i s  
c o n d i t io n , seen  in  F i g . 1 0 , i s  th e  same a s  i f  t h e  Fermi l e v e l  were 
r i s i n g  a s  t h e  d band  w ere f i l l e d .
T erak u ra  has c a lc u la te d  t h i s  e f f e c t  u s in g  a  c l u s t e r  m odel, 
d e te rm in in g  th e  g e n e ra l iz e d  p h ase  s h i f t s  o f  th e  t r a n s i t i o n  m eta l
R e p ro d u c e d  with p e rm iss io n  of th e  co p y rig h t o w n er. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
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d s t a t e s  a s  a  fu n c tio n  o f  im p u r i ty  p o t e n t i a l .  The upward s h i f t
o f  t h e  h y b r id iz e d  d s t a t e s  ca u sed  hy  th e  p h ase  s h i f t s  changes w ith
th e  im p u r ity  p o t e n t i a l ,  d ee p er p o t e n t i a l s  in c re a s e  th e  p h ase  s h i f t
te rm  which in d u ce s  more d s t a t e s  t o  s h i f t  t o  h ig h e r  e n e r g ie s ,  a s
can he seen  in  F ig .  11 . T h is  i s  c o n s i s te n t  w ith  t h e  c o n c e n tra tio n
dependence o f  t h e  fe rro m a g n e tic  t r a n s i t i o n  p o in t s  found f o r  NiP 
b2N iS i and NiAl t h a t  i s ,  a s  t h e  v a le n c e  i n c r e a s e s ,  th e  c o n c e n tra ­
t i o n  o f  m e ta l lo id  n e c e s s a ry  to  d e s t ro y  fe rro m ag n e tism  d e c re a s e s .  
In c re a s in g  th e  c o n c e n tra tio n  o f  t h e  im p u r ity  in c re a s e s  t h e  number 
o f  d s t a t e s  a f f e c t e d  hy th e  h y b r id i z a t io n ,  and th u s  changes th e  
d hand d e n s i ty  o f  s t a t e s  a t  t h e  Ferm i s u r f a c e .  By s h i f t i n g  d s t a t e s  
t o  h ig h e r  e n e rg ie s ,  t h e  Ferm i l e v e l  i s  a l s o  changed. Even f o r  th e  
c a se  o f  no ch a rg e  t r a n s f e r  th e  Ferm i l e v e l  must move to  h ig h e r  
e n e rg ie s  to  in s u re  th e  c o r r e c t  amount o f  hand f i l l i n g .  I n c re a s in g  
e i t h e r  th e  c o n c e n tra tio n  o r  v a le n c e  o f  t h e  im p u r i t i e s  c a u se s  th e  
Ferm i energy  t o  sweep upward in  en e rg y  th ro u g h  th e  d e n s i ty  o f  s t a t e s .  
The d hand d e n s i ty  o f  s t a t e s  a t  t h e  Ferm i energy  changes r a p id ly ,
and th e  enhancement f a c t o r ,  S , , w hich i s  a  fu n c tio n  o f  N .(E _ ), d d f
and changes even more r a p id ly  a s  t h e  n ic k e l  atoms become more 
d i l u t e .  I t  i s  i n t e r s t i n g  t o  n o te  t h a t  i f  ch a rg e  i s  t r a n s f e r e d  
from  m e ta l lo id  to  t r a n s i t i o n  m eta l th e n  th e  p ro c e s s  i s  s im i l a r ,  
h u t  th e  Fermi energy  sweeps even more r a p id ly  th ro u g h  th e  d e n s i ty  
o f  s t a t e s .
The h y b r id iz e d  v a le n c e  hand d e n s i ty  o f  s t a t e s  i s  p r im a r i ly  
d ete rm in e d  hy th e  im p u rity  a to m 's  r e la t io n s h ip  to  i t s  n e a r e s t
R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
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n e ig h b o rs . The s i t u a t io n  f o r  amorphous a l lo y s  i s  u n iq u e  in  t h i s  
i n s ta n c e ,  s in c e  t h e  c o n c e n t ra tio n  does n o t n e c e s s a r i l y  change th e  
s t r u c tu r e  o f  th e  m a te r ia l  o r  t h e  ap p e ara n ce  o f  t h e  h y b r id iz e d  v a le n c e  
b an d . C r y s t a l l in e  a l l o y s  have p re d e te rm in e d  bond o r d e r ,  and concen­
t r a t i o n  changes can mean a  change in  p h a se , and th u s  a  change in  
s t r u c t u r e .
Support f o r  t h i s  p i c tu r e  o f  th e  t r a n s i t i o n  m e ta l a l lo y
band s t r u c t u r e  can  be found from th e  XFS, UPS and au g e r ex p e rim en ts
I 3
p erfo rm ed  by R ile y ,  e t  a l . ,  upon amorphous P d g ^ S i^  • The e x p e r i ­
m en ta l d a ta  was a n a ly se d  so a s  to  s e p a ra te  th e  Pd and S i c o n tr ib u ­
t i o n s  and th u s  a c h ie v e  a  p i c tu r e  o f  t h e  Pd and S i d e n s i t i e s  o f  
s t a t e s .  The g rap h s in  F ig .12 c l e a r l y  show th e  bond ing  and a n t i ­
bond ing  s t a t e s  c h a r a c t e r i s t i c s  o f  th e  h y b r id iz e d  band th e o r y ,  and 
t h e  Pd d b and , smoothed by  lo s s  o f  lo n g  ra n g e  o rd e r  and narrow ed 
by  d i l u t i o n .  The Ferm i e n e rg y  i s  w e ll  above th e  maximum o f  th e  d 
band d e n s i ty  o f  s t a t e s .  F ig u re  13 shows th e  l o c a l  d e n s i ty  o f  s t a t e s  
o f  a  S i im p u r ity  in  a  Pd m a t r ix ,  b roadened  by  a  2 eV g a u ss ia n  w id th  
f u n c tio n . The unbroadened  h is to g ra m  i s  a  c l u s t e r  c a l c u la t io n  
(T e ra k u ra ) , and th e  Ferm i en e rg y  i s  t h a t  o f  amorphous P d g ^ S i^ .
F . V i r tu a l  D Band In  The H y b rid ize d  Model
The p re se n c e  o f  c o b a l t  in  th e  a l lo y s  im p lie s  t h e  p o s s ib le  
fo rm a tio n  o f  l o c a l  moments by th e  more m agnetic  c o b a l t  atom s. The 
shape o f  t h e  v i r t u a l  d band i s  v e ry  im p o r ta n t , a s  b ro a d e r  d s t a t e s  
a r e  l e s s  l i k e l y  t o  form  lo c a l  moments th a n  narrow  o n es. The
R e p ro d u c e d  with p e rm iss io n  of th e  co p y rig h t o w n er. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
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sym m etrized d o r b i t a l  d e n s i ty  o f  s t a t e s  i n  t h e  A nderson model has 
th e  form:
T erak u ra  h as  c a lc u la te d  th e  b ro a d en in g  o f  t h e  d o r b i t a l  
l o c a l  d e n s i ty  o f  s t a t e s  a s  a  fu n c tio n  o f  th e  im p u rity  p o t e n t i a l  
Vq . The r e s u l t s  o f  th e  c a l c u l a t i o n s ,  seen in  F ig . l h ,  show t h a t  
th e  d ee p er im p u r ity  p o t e n t i a l s  a c tu a l ly  induce  l e s s  b ro a d en in g  th a n  
th e  sh a llo w  p o t e n t i a l s .  The change o f  th e  Fermi l e v e l  a s s o c ia te d  
w ith  t h e  im p u rity  i s  a  fu n c tio n  o f  b o th  th e  c o n c e n tra tio n  and th e  
s t r e n g th  o f  t h e  im p u r ity  p o t e n t i a l .  Thus, a  b a la n c e  o c c u rs  f o r  th e  
p ro b a b le  fo rm a tio n  o f  lo c a l  moments, a  d ee p er p o t e n t i a l  ca u ses  l e s s  
b ro a d en in g  o f  t h e  d s t a t e s ,  b u t  th e  h ig h e r  v a le n c e  im p u rity  s h i f t s  
th e  Fermi energy  more r a p id ly .  The f i r s t  would te n d  to  keep  ^ ( E f ) 
l a r g e ,  w h ile  th e  second would reduce  i t s  v a lu e .
C onside r th e  ca se  o f  c o b a lt  in  EL and EP NiCoP amorphous 
a l l o y s .  F or a  p a r t i c u l a r  c o n c e n tra tio n  o f  pho sp h o ru s , th e  Fermi 
l e v e l  would be ab o u t th e  same in  e i t h e r  p h a se , b u t th e  b ro aden ing  
o f  t h e  v i r t u a l  c o b a l t  d band co u ld  be in f lu e n c e d  by  th e  change in  
th e  d e n s i ty  betw een th e  p h a se s . In  g e n e ra l  one e x p e c ts  low er den­
s i t y  m a te r ia l s  to  have narrow  energy  b a n d s , s in c e  in  th e  l i m i t  o f  
low  d e n s i t y , t h e  en e rg y  bands re d u ce  to  th e  atom ic s t a t e  e n e rg ie s .  
The deg ree  o f  narrow ing  need  n o t be sev e re  to  m eet th e  c o n d it io n s
R e p ro d u c e d  with p e rm iss io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p roh ib ited  w ithou t p e rm iss io n .
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f o r  l o c a l  moment fo rm a tio n , a s  c o b a l t  i s  a  more m agnetic  atom th a n  
n ic k e l  in  th e s e  a l l o y s .  The en e rg y  bands in  th e  low  d e n s i ty  ph ase  
o f  t h e  a l l o y  sho u ld  be narrow ed . An e q u iv a le n t  view  would be  to  
c o n s id e r  t h e  im p u r ity  p o t e n t i a l  t o  have a  s l i g h t l y  d eeper e f f e c t iv e  
p o t e n t i a l .
G. Amorphous H y b rid ize d  Band Model (AHBM)
A p p lic a tio n  o f  T e ra k u ra ’ s t h e o r e t i c a l  approach  t o  amor­
phous t r a n s i t i o n  m e ta l phosphorus a l lo y s  i s  p o s s ib le  i f  one makes 
c e r t a i n  s im p l i fy in g  assu m p tio n s. I t  would n o t b e  c o r r e c t  t o  ex­
p e c t  th e  n ic k e l  n e a re s t  n e ig h b o rs  t o  c o n t r ib u te  as  p r e c i s e ly  as 
i n  t h e  c r y s t a l l i n e  m odel; how ever, by a v e ra g in g  th e  c o n t r ib u t io n s  
from  t h e  amorphous m a te r ia l ,  t h e  r e s u l t s  can  be  made s im i l a r  by 
a d ju s t in g  f o r  t h e  amorphous bond d is ta n c e s  and volum es p e r  atom  
in  t h e  a l l o y .
I t  has b een  n o te d  t h a t  t h e  RDF d a ta  f o r  t h e  EL m a te r ia l  
showed th e  same N i-N i n e a r e s t  n e ig h b o r d is ta n c e  as t h a t  found f o r  
EP m a te r ia l .  I f  t h i s  r e s u l t  i s  a c c u ra te  i t  would seem t o  in d i c a t e  
t h a t  t h e  d i f f e r e n c e  betw een th e  two p h ase s  i s  s u b t le .  B in ary  m odels 
c o n s id e r  t h e  amorphous a l l o y 's  ■ s t r u c tu r e  t o  be a  c lo s e  packed  
arrangem en t o f  n ic k e l  p o ly h e d ra , w ith  th e  m e ta l lo id  atoms occupying  
l a r g e r  v o id s  i n  th e  n ic k e l  s t r u c t u r e .  R ed u ctio n  o f  t h e  d e n s i ty  
th ro u g h  a  change in  s t r u c tu r e  w hich l e f t  t h e  N i-N i n e a r e s t  n e ig h ­
b o r  d is ta n c e  c o n s ta n t co u ld  be accom plished  by  s e v e ra l  m eans. I t
R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p roh ib ited  w ithou t p e rm iss io n .
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i s  p o s s ib le  t h a t  d i s to r t i o n  o f  th e  N i-N i bonds a n g le s  i n  th e  p o ly -  
h e d ra  c o u ld  p roduce  such a  volume e x p a n sio n  o r  t h e  a v e rag e  number 
o f  n ic k e l  n e a r e s t  n e ig h b o rs  o f  a  phosphorus atom in c r e a s e s  in  th e  
lo w er d e n s i ty  m a te r ia l  so t h a t  th e  phosphorus o cc u p ies  a  l a r g e r  
v o id  i n  a  l a r g e r  n ic k e l  p o ly h e d ra l  a rran g e m en t. W hether e i t h e r  o f  
th e s e  i s  c lo s e  t o  t h e  t r u t h  i s  im p o ss ib le  t o  a s c e r t a in  a t  t h i s  
t im e , b u t i t  i s  i n t e r e s t i n g  to  n o te  t h a t  b o th  p u t t h e  e x t r a  volume 
i n to  th e  v o id s  o f  t h e  p o ly h e d ra l  s t r u c t u r e s .  I t  i s  a l s o  p o s s ib le  
t h a t  t h e  volume change c o u ld  be  due t o  th e  in c re a s e  i n  t h e  number 
o f  v a c a n c ie s  i n  t h e  m a te r ia l .  Removal o f  a  few p e rc e n t o f  n ic k e l  
atom s from amorphous EP N ig g ^ o  woul<3- le a v e  311 amorphous a l l o y  o f  
p ro p e r  d e n s i ty  and  RDF p a ra m e te rs  f o r  EL m a te r ia l  a t  t h e  new com­
p o s i t i o n .  W hatever th e  re a so n  fo r  t h e  change in  d e n s i ty ,  t h e  e f f e c t  
upon th e  phosphorus e l e c t r o n s  s t a t e s  co u ld  be c o n s id e r a b le .  In  
ch ang ing  from th e  h ig h  t o  th e  low  d e n s i ty  phase  t h e  e le c t r o n s  a t  
t h e  phosphorus s i t e  would e x p e rie n c e  a  re d u ced  sc re e n in g  o f  th e  
io n  c o r e ,  a  re d u ced  r e p u ls io n  from e l e c t r o n s  a t  t h e  n i c k e l  s i t e ,  
and a  change i n  t h e  Ferm i e n e rg y , among o th e r  t h i n g s .  A l l  t h e  above
would im ply  a  change in  t h e  phosphorus v a le n c e  band d e n s i ty  o f  s t a t e s .
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In  T e ra k u ra ’ s c l u s t e r  c a lc u l a t i o n s  ’ t h e  change in  th e  
h y b r id iz e d  DOS w ould be c a lc u la te d  by  in s e r t i n g  new p h y s ic a l  p a r a ­
m e te rs  such  a s  t h e  number and  p o s i t i o n  o f  t h e  n e a r  n e ig h b o rs . The 
s t r u c t u r a l  change i n  t h e  low er d e n s i ty  m a te r ia l  sho u ld  r e s u l t  in
a  r e d u c t io n  in  th e  ad m ix tu re  betw een th e  phosphorus and n ic k e l  
39e l e c t r o n  s t a t e s .  T his would cau se  t h e  peak  p o s i t i o n ,  E^ t o  s h i f t
R e p ro d u c e d  with p e rm iss io n  of th e  co p y rig h t o w n er. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
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The s h i f t  o f  th e  peak, p o s i t io n  tow ard  th e  n ic k e l  d band 
can be approx im ated  by assum ing t h a t  th e  e f f e c t iv e  im p u rity  p o te n ­
t i a l  i s  s l i g h t l y  deepened , t h a t  i s ,  i f
£  I \ / l l  " 4*1 EL. 1
th e n  th e  e f f e c t iv e  p o t e n t i a l  f o r  EL m a te r ia l  i s  g r e a t e r  th a n  th a t  
fo r  EP m a te r ia l .  The n e a r ly  c o n s ta n t v a lu e  o f  th e  "d ip "  p o s i t io n  
E^, and  th e  c a lc u la te d  p o t e n t i a l  dependence o f  E^ in  T e ra k u ra 's  
c a lc u la t io n s  a llo w s  one to  d ete rm in e  a t  l e a s t  two p o in ts  in  th e  
new h y b r id iz e d  DOS.
A m u ffin  t i n  p o t e n t i a l  re p re s e n tin g  phosphorus in  th e  
EP a l lo y  can  be chosen  by n o t in g  t h a t  t h e  K night S h if t  r e s u l t s  
show no in d i c a t io n  o f  n e g a tiv e  p o l a r i z a t i o n  in  t h e  NiP a l l o y s . '1'
th e  Ferm i en erg y  e x p e c ted  f o r  t h e  amorphous a l l o y  a t  th e  f e r r o ­
m agnetic  t r a n s i t i o n  p o in t .  T his ch o ic e  i s  a r b i t r a r y  as  T e r a k u ra 's
R e p ro d u c e d  with p e rm iss io n  of th e  co p y rig h t o w n er. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
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c l u s t e r  i s  an FCC l a t t i c  about a  s u b s t i t u t i o n a l  im p u r ity , b u t  th e  
en e rg y  dependence o f  t h e  h y b r id iz e d  DOS in  t h e  amorphous m a te r ia l  
sh o u ld  b e  s im i l a r .  The v a lu e  o f  . i s  s im i l a r ly  v ag u e , b u t f o r  
p u rp o se s  o f  d em o n s tra tio n  -w ill be ta k e n  to  be V . ^  = Vo + £v S f l . l  
Rydberg. The approx im ate h e ig h t and p o s i t i o n  o f  th e  new h y b r id iz e d  
band can  th e n  be found , and i t  i s  known t h a t  th e  cu rv e  f o r  th e  new 
h y b r id iz e d  DOS jo in s  sm oothly a t  E a  and Ep. The f u l l  curve f o r  
t h e  h y b r id iz e d  DOS can th e n  b e  drawn and would have a  form s im i la r  
t o  t h e  h y b r id iz e d  DOS f o r  th e  Vo = 1 .0  Rydberg p o t e n t i a l .
c e p t i b i l i t y  c u rv e s , i f  i t  i s  assumed t h a t  th e  o r i g i n a l  u n h y b rid iz e d  
bands a r e  e q u iv a le n t . For VQ v a lu e s  n e a r  one R ydberg, th e  o r i g i n a l  
u n h y b rid iz e d  bands a re  alm ost th e  same, and th e r e f o r e  t h e  l a s t  
assu m p tio n  i s  n o t s e v e re .  The s u s c e p t i b i l i t y  o f  th e  h y b r id iz e d  
band f o r  Vq = 1 .0  Rydberg i s  ta k e n  to  be c o n s ta n t ,  w ith  an enhance­
ment f a c to r  s u f f i c i e n t  t o  y i e ld  a  s u s c e p t i b i l i t y  eq u a l to  th e  v a lu e
o f  -N^(E) . . Such a  s u s c e p t i b i l i ty  i s  s im i la r  to  th e  K n ightL maximum
S h if t  r e s u l t s  f o r  e le c t r o p l a t e d  Ni^ xPx amorphous a l l o y s . 1 T his 
p ro c ed u re  y i e ld s  an en e rg y  dependent enhancement f a c to r  w hich can 
th e n  be used  t o  so lv e  f o r  th e  m odeled s u s c e p t i b i l i t y  o f  t h e  o th e r  
m a te r ia l .  The maximum in  n£(E) o cc u rs  a t  abou t .925 R ydberg, t h e r e ­
f o r e  th e  modeled enhancement f a c to r s  can be found from:
R e p ro d u c e d  with p e rm iss io n  of th e  co p y rig h t o w n er. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
The two h y b r id iz e d  band c u r v e s ,  shown in  F ig . 15 , a r e  
d e s ig n a te d  N* and N^, and can be u sed  t o  g e n e ra te  a  s e r ie s  o f  s u s -
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In h e re n t i n  t h i s  e x t r a p o la t io n  p ro c ed u re  i s  th e  assum ption  
th a t  t h e  enhancem ent f a c t o r ,  S^(Ef ) ,  i s  n e a r ly  th e  same f o r  b o th  
m a te r ia l s .  Such an assum ption  r e l i e s  upon th e  f a c t  t h a t  f o r  small 
volume ch a n g es, t h e r e  e x i s t  com peting mechanisms in  th e  enhance­
ment te rm  w hich te n d  to  c a n c e l .  For in s ta n c e ,  t h e  narro w in g  o f  
th e  d hand  due t o  a  d e c re a se  in  d e n s i ty  would c o n t r a s t  w ith  th e
d i lu t i o n  o f  th e  n ic k e l  ato m s, th u s  N .(E _) would in c re a s e  in  v a lu e  d f
and th e  o v e r la p  dependent would d e c re a se  i n  s t r e n g th  and th e  
change i n  t h e  enhancement f a c to r  would he  sm a ll . The m ajo r ca u ses  
o f  changes in  S^(Ef ) a r e  t h e  v a le n c e  and co m p o sitio n  o f  th e  a l lo y in g  
e le m e n t, w hich a re  in d ep e n d en t o f  t h e  s t r u c tu r e  o r  p h a se . Support 
f o r  t h i s  view  o f  t h e  enhancement f a c to r  can  he found in  t h e  f a c t  
t h a t  h o th  EP and EL NiP amorphous a l lo y s  have t h e i r  fe rro m ag n e tic  
t r a n s i t i o n  p o in t s  a t  ahou t lb% p h o sphorus .
The enhancem ent f a c to r s  e x t r a c te d  from  N ^(E ), th e  o r ig in a l  
h y b r id iz e d  DOS, a r e  d is p la y e d  i n  F ig .  1 6 . The r e s u l t  seems co n - 
s i s t a n t  w ith  th e  view  t h a t  th e  change t o  fe rro m a g n e tic  b e h a v io r  
i s  a p p ro ach in g  a t  an  energy  j u s t  below  t h a t  in d ic a te d  on th e  d ia ­
gram. When th e  same enhancement f a c to r s  a re  a p p l ie d  t o  N*, th e  
r e s u l t i n g  s u s c e p t i b i l i t y  i s  d i f f e r e n t .  The more p o s i t i v e  v a lu e  
o f  SkCE^) m u l t ip l ie d  by th e  enhancement te rm  shows a  s tro n g  p o s i­
t i v e  enhancement o f  th e  s u s c e p t i b i l i t y  a s  t h e  energy  n e a rs  th e  
m agnetic  t r a n s i t i o n  p o in t .  These e x t r a p o la te d  s u s c e p t i b i l i t i e s ,  
seen  in  F ig .  IT , a r e  j u s t  a  p a r t  o f  a  fa m ily  o f  such  c u rv e s .
R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
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The amorphous h y b r id iz e d  band model h a s  e x p lo re d  th e  changes 
i n  s u s c e p t i b i l i t y  w hich would r e s u l t  from  sm all changes i n  th e  
l o c a l  environm ent o f  th e  im p u r ity  in  t h e  T erak u ra  c l u s t e r  system .
The AHBM h as  g e n e ra te d  s u s c e p t i b i l i t i e s  which in d i c a t e  a  s tro n g  
dependence upon th e  exchange enhancem ent, and re m a rk a b le  s e n i t i v i t y  
to  sm a ll changes i n  t h e  d e n s i ty  o f  s t a t e s  f o r  a l lo y s  n e a r  th e  
fe rro m a g n e tic  t r a n s i t i o n  c o n c e n t r a tio n .  In  th e  a n a ly s i s  o f  th e  
d a ta ,  t h e s e  t h e o r e t i c a l  m odeled s u s c e p t i b i l i t i e s  s h a l l  be compared 
t o  th e  m easured v a lu e s  o f  th e  K night s h i f t s ,  s p in  l a t t i c e  r e la x a ­
t i o n  t im e s ,  and K o rrin g a  r a t i o s .
I t  sh o u ld  be n o te d  t h a t  t h e  h y b r id iz e d  DOS chosen  t o  r e ­
p re s e n t  phosphorus i n  amorphous n i c k e l  phosphorus i s  s im i la r  to  
th e  h y b r id iz e d  DOS f o r  a r s e n ic  ( a ls o  a  v a le n c e  5 atom) in  FCC n ic k e l  
w hich was c a lc u la te d  by Katayam a, T erak u ra  and K aram ori u s in g  a
Uo i*lm u ffin  t i n  p o t e n t i a l  m odel. Herman and S k illm an  have shown 
t h a t  t h e  p o s i t io n  o f  t h e  k s  l e v e l  i n  a r s e n ic  and th e  3s l e v e l  in  
phosphorus a re  s im i l a r ,  t h u s  t h e  h y b r id iz e d  DOS o f  t h e  two atom s 
in  FCC n ic k e l  sh o u ld  be s im i la r .
H. L in e w id th s , Spin  L a t t i c e  R e la x a tio n  Time, and K o rrin g a  R a tio s
There a r e  s e v e ra l  p h y s ic a l  phenomena -which c o n t r ib u te  
to  th e  w id th  o f  t h e  NMR l i n e .  Over and beyond th e  l in e w id th  due 
to  a p p a ra tu s  i t s e l f ,  th e  m ajo r c a s e s  o f  th e  l in e w id th  a r e  d ip o la r  
b ro a d en in g  from  th e  n u c le a r  moments, inhomogenous b ro a d en in g  due 
to  v a r ia t io n s  in  th e  s u s c e p t i b i l i t y  a t  d i f f e r e n t  n u c le a r  s i t e s
R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
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and b ro a d e n in g  o f  th e  l i n e  due t o  th e  l i f e t im e  o f  t h e  Zeeman s t a t e s .
For t h e  c a se  o f  a l lo y s  c o n ta in in g  lo c a l  moments, a n o th e r  te rm  m ust
be in c lu d e d  t o  accoun t f o r  t h e  RKKY o s c i l l a t i o n s  o f  th e  s p in  d e n s i ty  
26abou t a  l o c a l  moment.
The d ip o la r  w id th  i s  n o t a  f i e l d  dependent q u a n t i ty ,  and 
i s  som etimes r e f e r e d  t o  a s  t h e  'z e ro  f i e l d  w id th ' (m ag n e tic ) when 
combined w ith  th e  l i f e t i m e  b ro a d en in g  te rm , w hich i s  u s u a l ly  much 
s m a l le r .  The o th e r  phenomena a re  a l l  f i e l d  d ep e n d en t, and so t h e  
l in e w id th  i s  g e n e ra l ly  w r i t t e n  a s ;
where k  i s  th e  v a lu e  from inhomogenous and RKKY b ro a d en in g  con­
t r i b u t io n s  .
V alues f o r  th e  ze ro  o rd e r  l in e w id th  can g iv e  some i n d i ­
c a t io n  o f  t h e  s t r u c tu r e  o f  t h e  m a te r ia l ,  in  so f a r  .as d ip o la r  
f i e l d s  a r e  e a s i l y  c a lc u la te d  from known s t r u c tu r e s .  The te m p e ra tu re  
dependence o f  th e  l in e w id th  y ie ld s  in fo rm a tio n  ab o u t t h e  p re se n c e  
o f  l o c a l  moments a s  th e  s t r e n g th .o f  a  lo c a l  moment i s  h ig h ly  tem p­
e r a tu r e  d ep en d en t. C om position dependence o f  t h e  l in e w id th  can 
som etimes be r e la t e d  to  a  co m p o sitio n  dependence o f  th e  su sce p ­
t i b i l i t y  o r  K night s h i f t ,  showing th e  e f f e c t  o f  inhomogenous 
b ro a d e n in g .
The l i f e t im e  o f  th e  Zeeman s t a t e s  y ie ld s  a  b ro a d e n in g  o f  
t h e  re so n an ce  l i n e  o f  th e  o rd e r  . The sp in  l a t t i c e  r e la x a ­
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t i o n  t im e , T^, i s  o f  g re a t  i n t e r e s t  "because i t  sam ples th e  i n d iv i ­
d u a l c o n t r ib u t io n s  o f  t h e  hands w hich combine to  p roduce th e  su s­
c e p t i b i l i t y .  The e q u a tio n s  f o r  th e  r e la x a t io n  tim e a r e  conven­
t i o n a l l y  w r i t t e n  in  te rm s  o f  T-JT, such t h a t ;
( T T ) " ’ *  f i b t y & T
w here , (&"t i s  th e  co u p lin g  o f  th e  e le c t r o n s  to  th e  n u c le u s ,  and 
th e  summation i s  o v er th e  d i f f e r e n t  c o n tr ib u t in g  b ands.
'The K night s h i f t s  and r e la x a t io n  tim e s  can be combined 
to  form  th e  K o rrin g a  r a t i o .  The K orringa  r a t i o  f o r  a  s in g le  band
w here, 5  a  c o n s ta n t f o r  a  g iven  n u c le u s .
i s  th e  s u s c e p t i b i l i t y  f o r  th e  system  (e n h an ce d ).
^)f6 i s  th e  s u s c e p t i b i l i ty  fo r  n o n - in te r a c t in g  e le c t r o n s .
A /g i s  th e  d e n s i ty  o f  s t a t e s  (enhanced , i . e .  i n t e r a c t i n g ) .
M  i s  th e  d e n s i ty  o f  s t a t e s  fo r  n o n - in te r a c t in g  e l e c t r o n s .
^  a re  e le c t r o n  and n u c le a r  gyrom agnetic r a t i o s .
^  i s  t h e  Boltzmann c o n s ta n t .
i s  th e  K night s h i f t .
R e p ro d u c e d  with p e rm is s io n  of th e  co p y rig h t ow ner. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
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The c h o ic e  o f  S i n s u r e s  t h a t  t h e  r a t i o  e q u a ls  one f o r  
f r e e  e l e c t r o n s .  In  t h e  p re se n c e  o f  s tro n g  exchange enhancement 
t h e  v a lu e  o f  t h e  K o rrin g a  r a t i o  can g iv e  an in d ic a t io n  o f  th e  
s t r e n g th  o f  th e  enhancem ent. The exchange enhancement e n te r s  in to  
th e  r a t i o  th ro u g h  th e  s t a t i c  s u s c e p t i b i l i t y ,  Xqq» by way o f  th e  
K night s h i f t ,  and th ro u g h  th e  dynamic s u s c e p t i b i l i t y ,  X ( q ,v ) ,  from 
th e  r e la x a t io n  t im e . The i n t e r a c t in g  e le c t r o n  s t a t e s  and th e  non­
in t e r a c t i n g  e le c t r o n  s t a t e s  a c t  as d i f f e r e n t  band c o n t r ib u t io n s  to  
t h e  r e la x a t io n  t im e s .
The enhanced p o r t io n  o f  th e  r e la x a t io n  t im e  i s  due to  
e l e c t r o n - e le c t r o n  i n t e r a c t io n s  w hich a f f e c t  th e  o f f  d ia g o n a l m a tr ix
ele m e n ts  p re s e n t  in  t h e  complex s u s c e p t i b i l i t y .  T h is i s  w r i t t e n  
29in  t h e  form ;
e r , T r ' =
The s u s c e p t i b i l i t y  i s  summed o v er a l l  v a lu e s  o f  th e  wave- 
number 'q '  so  a s  t o  in c lu d e  a l l  th e  a f f e c t e d  s t a t e s  a t  th e  Fermi 
l e v e l .  A random p h ase  ap p ro x im a tio n  (RPA) d e s c r ip t io n  o f  th e  m ole­
c u l a r  f i e l d s  le a d s  t o  a  form  o f  exchange enhancement o f  th e  com­
p le x  s u s c e p t i b i l i t y .  T h is  approach  h e lp s  t o  r e d e f in e  th e  su sce p ­
t i b i l i t y  e q u a tio n  to  in c lu d e  th e  sp in  f l u c tu a t io n s  o f  th e  complex 
s u s c e p t i b i l i t y  due to  th e  o f f -d ia g o n a l  m a tr ix  e le m e n ts . The complex 
29
s u s c e p t i b i l i t y  can  be w r i t t e n  a s ;
^    —^
R e p ro d u c e d  with p e rm iss io n  of th e  co p y rig h t o w n er. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
The fu n c tio n  U(q) i s  t h e  a dependen t e l e c t r o n - e le c t r o n  i n ­
t e r a c t i o n  and th e  f u n c tio n  F (q ) i s  th e  l i n e a r  re sp o n se  fu n c tio n  o f  
th e  e l e c t r o n  sy stem . The enhancem ent o f  t h e  com plex s u s c e p t i b i l i t y  
i s  d i f f e r e n t  from  t h a t  i n  th e  s t a t i c  s u s c e p t i b i l i t y  w hich i s  w r i t t e n  
a s ;
The enhancem ent f a c t o r  in  th e  r e la x a t io n  r a t e  i s  d i f f e r e n t  
t h a n  t h a t  o f  t h e  K n igh t s h i f t  te rm . The fu n c tio n s  U(q) and  F (q ) 
d e c re a s e  a s  q  n e a r s  2k ^ , w hich re d u c e s  t h e  enhancem ent f a c t o r  and 
th u s  t h e  in v e r s e  r e la x a t io n  t im e . In  t h e  t r a n s i t i o n  m e ta l  p h osphorus  
a l l o y s  t h e  wave number, q ,  i s  n e a r ly  e q u a l to  2k^  so t h e  r e la x a t io n  
tim e s  a r e  s t ro n g ly  a f f e c t e d  by th e  q dependence o f  t h e  enhancem ent 
f a c t o r .  The f u l l  e x p re s s io n  f o r  t h e  r e la x a t io n  t im e s  in  t h e s e  m at­
e r i a l s  sh o u ld  be  o f  t h e  form ;
( T j ) ~ l= C(3o ^ J +
w h ile  t h e  K night s h i f t  i n  t h e  h y b r id iz e d  band m odel, w r i t t e n  a s  a  
d i r e c t  f u n c tio n  o f  t h e  s u s c e p t i b i l i t y ,  would b e ;
K= As flspU&O + S ^ ) ( ^ ) - ^ ) j
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F or th e  c a se  o f  phosphorus i n  NiP a l l o y s  t h e  v a lu e  o f  th e  
co u p lin g  c o n s ta n ts  sh o u ld  he t h e  same, so t h a t  a g = ( ^ =  ^ > n h 9 atl<3- 
Nenh = KL ”  ^0* Tiie v a lu e  "fclie c o n s ta n t  S i s  1 .603*10”^ f o r  phos­
ph o ru s  atom s. B ecause o f  a  la c k  o f  knowledge about t h e  v a lu e s  f o r  
t h e  q dependent fu n c tio n s  U(q) and  F ( q ) ,  th e  c o n c e n tra tio n  depen­
dence o f  th e  r e la x a t io n  tim e s  and  th e  K o rrin g a  r a t i o s  i s  d i f f i c u l t  
t o  p r e d ic t .  However, a t  h ig h  phosphorus c o n c e n tra tio n s  t h e  enhance­
ment f a c to r s  sh o u ld  b o th  re d u ce  t o  t h e i r  low er l i m i t  v a lu e  o f  1 . 0 .
F or t h e  bands shown in  th e  p re v io u s  s e c t io n ,  t h e  K o rrin g a  r a t i o s  
may be c a lc u l a t e d .  The AHBM p r e d ic t s  t h a t  t h e  r a t i o  f o r  th e s e  
m odeled b a n d s , a t  a  Ferm i en e rg y  o f  about .9  R ydberg, sh o u ld  be ab o u t;
K S  - -  *• S '  1 . 6
The AHBM d e n s i t i e s  o f  s t a t e s  a t  h ig h  Fermi e n e rg ie s  ( i . e .
h ig h  phosphorus l e v e l s )  can  be u sed  to  p r e d ic t  th e  r a t i o s  betw een 
th e  r e la x a t io n  t im e s  o f  t h e  m odeled b an d s . At th e  peaks o f  t h e  
bands th e  r a t i o s  o f  t h e  r e la x a t io n  t im e s  would be a p p ro x im a te ly  1 .2  
t o  1 . 0  f o r  t h e  a d ja c e n t  b an d s , w ith  th e  N+ band h av in g  th e  s m a lle s t  
r e la x a t io n  tim e . In  th e  d a ta  a n a ly s i s  s e c tio n  th e s e  p r e d ic te d  
r e la t io n s h ip s  from  th e  AHBM w i l l  be compared to  th e  a c tu a l  r e s u l t s  
f o r  th e  K o rrin g a  r a t i o s ,  t h e  K night s h i f t s  and th e  r e la x a t io n 't im e s .
R e p ro d u c e d  with p e rm iss io n  of th e  co p y rig h t o w n er. F u rth e r  re p ro d u c tio n  p ro h ib ited  w ithou t p e rm iss io n .
IV . DATA AND DATA ANALYSIS
The p h y s ic a l  d e n s i ty  v a r i a t i o n ,  w hich c h a r a c te r iz e s  th e  
d if fe re n c e  betw een th e  EL and h ig h e r  d e n s i ty  EP m a te r ia l ,  i s  d i s ­
p la y e d  i n  F ig .  1 8 . At a  g iv en  phosphorus c o n c e n tra tio n  th e  d e n s i ty  
d i f fe re n c e  betw een th e  two ty p e s  o f  m a te r ia l  i s  abou t 3 p e r c e n t .
The t e r n a r y  sam ples o f  NiCoP show d e n s i t i e s  -which c o rresp o n d  to  
t h e i r  b in a ry  a n a lo g s , i n d i c a t in g  t h a t  t h e  c o b a l t  atoms s u b s t i t u t e  
r e a d i ly  f o r  th e  n ic k e l  atom s w ith o u t a  change i n  th e  s t r u c tu r e  o f  
t h e  m a te r ia l .
Very t h i n  EL d e p o s ite d  sam ples o f  NiP a t  abou t 25$ phos­
p horus seemed t o  show a  change t o  E P -lik e  d e n s i t i e s .  The l a r g e  
e r r o r s  in d u ced  by  th e  low w eigh t ( . 1  gram) o f  t h e  sam ples re d u ces  
th e  s ig n if ic a n c e  o f  t h i s  r e s u l t .  S ince th e  p re p a ra t io n  o f  h ig h  
phosphorus c o n c e n tra tio n  EL sam ples i s  d i f f i c u l t ,  a t te m p ts  t o  f u r th e r  
in v e s t i g a t e  th e  a p p a re n t t r e n d  were n o t p u rs u e d .
The b in a ry  a l l o y  d a ta  f a l l  in to  two c a t e g o r i e s ,  t h e  o ld  
and in co m p lete  r e s u l t s  o f  th e  e a r ly  work"'" and  th e  more e x te n s iv e  
d a ta  r e c e n t ly  a q u ire d .  "With o n ly  sm all e x c e p tio n s  th e  o ld e r  d a ta  
a r e  c o n s i s te n t  w ith  t h e  new, b u t in  th e  o ld  d a ta  t h e r e  i s  an i n t e ­
r e s t i n g  r e s u l t  i n  th e  K night s h i f t  and l in e w id th  r e s u l t s  f o r  low 
phosphorus c o n c e n tra tio n  EP NiP sam p les . The K night s h i f t s  and l i n e -  
w id th s  in  th e  o ld e r  sam ples showed a  te m p e ra tu re  dependence w hich
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seemed to  be due t o  t h e  p re se n c e  o f  l o c a l  moments. I t  i s  p o s s ib le  
t h a t  t h e  sam ples were inhom ogeneous, and  t h a t  t h e  te m p e ra tu re  and 
co m p o sitio n  dependence o f  t h e  r e s u l t s  was due to  th e  p re se n c e  o f  
n ic k e l  c l u s t e r s  w hich were ca p ab le  o f  form ing  lo c a l  moments. T his 
r e s u l t  l e a d  us t o  wonder about l o c a l  moment fo rm a tio n  i n  t h e  amor­
phous a l l o y s ,  and b ro u g h t about th e  p r e p a r a t io n  and NMR stu d y  o f  th e  
NiCoP a l l o y s .
D a ta  c o l l e c t e d  from  th e  more com plete s e t  o f  b in a ry  sam ples
can be seen  in  f ig u r e s  19 th ro u g h  22 . The K night s h i f t  d a ta  fo r
th e  EP NiP sam ples rep ro d u ce s  t h a t  o f  t h e  o ld e r  r e s u l t s .  However,
a t  th e  lo w e s t phosphorus c o n c e n tra tio n  s tu d ie d ,  a  Nigg Pl t  sanrole
had a  K night s h i f t  o f  about .19? a t  room te m p e ra tu re  and abou t .18?
a t  7T°K. At th e  h ig h e s t  phosphorus c o n c e n tra tio n  s tu d ie d , a  N i ^  •5P28 .5
sam ple showed K night s h i f t s  o f  .13^? a t  room te m p e ra tu re  and o f
.128? a t  77°K. T h is  l a s t  sam ple was a n n e a le d , and found t o  be e i t h e r
c r y s t a l l i n e  N i^ P ^  o r  a  mixed phase o f  Ni^P^ and N i^Pg. The K night
s h i f t  f o r  t h e  an n e a le d  sample was . 1 0 6 ? a t  room te m p e ra tu re  and
•08U? a t  77°K. These v a lu e s  c lo s e ly  co rresp o n d  t o  th e  l i s t e d  v a lu e s  
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f o r  N i^ P ^ .  A ll  th e  o th e r  EP sam ples had  K night s h i f t s  o f  betw een 
.?A8? and . 158 ? a t  room te m p e ra tu re  and betw een .1 3 8 ?  and .lU 8? a t  
77°K. ' The n e a r ly  c o n s ta n t V alue o f  t h e  K night s h i f t  o f  EP sam ples 
i s  s h a r p ly  c o n t ra s te d  by th e  c o n c e n tra tio n  dependence o f  th e  EL NiP 
sam p les . At 1^? phosphorus th e  v a lu e  o f  th e  K night s h i f t  i s  betw een 
.27?  and .3 0 ? , w h ile  a t  25 .5?  phosphorus t h e  EL sample h as  a  Knight 
s h i f t  o f  .1 6 3 ? , n e a r ly  t h e  same as  t h a t  o f  an  EP b in a ry  sam ple.
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I t  sh o u ld  he n o te d  t h a t  t h e  EL and EP sam ples had s im i la r  te m p e ra tu re  
d ep e n d en c es , f o r  exam ple , an  EL sam ple o f  N ig ^ P ^  h av in g  K = .203% 
a t  room te m p e ra tu re  and K = .195? a t  TT°K.
In  a d d i t io n  to  th e  h u lk  a l l o y s ,  a  com plete s e r ie s  o f  powder 
sam ples w ere p re p a re d , and m easurem ents w ere made o f  t h e i r  K night 
s h i f t s  and s p in  l a t t i c e  r e la x a t io n  t im e s .  The K night s h i f t  r e s u l t s  
were e q u iv a le n t  t o  th e  powder d a ta  ex c ep t t h a t  low phosphorus com­
p o s i t i o n  EL and NiP sam ple s h i f t s  v a r ie d  s l i g h t l y  from  th e  h u lk  
v a lu e s .  T h is  d i f f e r e n c e  i n  s h i f t s  i s  e s p e c i a l l y  n o ta b le  f o r  th e  
EL Nigi-P^,. sam p les . The re a so n  f o r  t h i s  d i f f e r e n c e  i s  n o t known, 
h u t ,  s in c e  th e s e  sam ples were a l s o  m easured  f o r  sp in  l a t t i c e  r e la x a ­
t i o n  t im e s ,  t h e  r e s u l t  p e r s i s t s  th ro u g h  th e  o th e r  d a ta .
The K night s h i f t  d a ta  can he compared to  t h e  model su sce p ­
t i b i l i t i e s  shown in  F ig . IT . The m atch betw een th e  K night s h i f t s  
f o r  EP sam ples and X  i n t e n t i o n a l .  The c o r r e l a t i o n  betw een th e  
EL a l lo y  d a ta  and i f .  t h e  p o s i t i v e ly  enhanced  l o c a l  s u s c e p t i b i l i t y ,  
i s  re m a rk a b le  n o t o n ly  f o r  th e  s im i l a r  shapes o f  t h e  two c u rv e s , b u t 
a ls o  f o r  th e  im p lic a t io n s  -which can be drawn abou t th e  m ag n e tic , 
e l e c t r o n i c  and  s t r u c t u r a l  p r o p e r t ie s  o f  t h e s e  a l l o y s .
The cu rve  i s  t h e  r e s u l t  o f  a  narrow ed h y b r id iz e d  band
DOS, p roduced  from an e f f e c t iv e  p o t e n t i a l  s l i g h t l y  d eeper th a n  th e  
o r i g i n a l  p o t e n t i a l .  T h is  was done i n  an a tte m p t t o  model th e  change 
in  t h e  h y b r id iz e d  DOS b ro u g h t abou t by a  re d u c t io n  in  t h e  s - d  ad ­
m ix tu r e ,  a  r e d u c t io n  w hich was assumed t o  be a  d i r e c t  r e s u l t  o f  a  
s t r u c t u r a l  change c h a r a c te r iz e d  by th e  change in  p h y s ic a l  d e n s i ty .
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The r e s u l t s  a l s o  im ply  t h a t  t h e r e  i s  s i g n i f i c a n t  exchange enhance­
ment te rm  p re s e n t  i n  b o th  ty p e s  o f  a l l o y .  The sudden r i s e  i n  th e  
K night s h i f t  o f  t h e  EP N ig g P ^  sam ple can be r e la t e d  t o  t h e  e x p e c te d  
co m p o sitio n  dependence o f  t h e  enhancem ent f a c to r  and th e  m odeled den­
s i t y  o f  s t a t e s .  The change in  t h e  h y b r id iz e d  DOS i s  n e a r ly  l i n e a r  
a s  t h e  co m p o sitio n  ap p ro ach e s t h e  fe rro m a g n e tic  t r a n s i t i o n  p o in t ,  
b u t t h e  enhancem ent f a c to r  i s  n o n - l i n e a r ,  r i s i n g  r a p id ly  to w ard  i t s  
maximum v a lu e  a s  i t  app ro ach es t h e  s i n g u la r i t y .  T h e re fo re  th e  change 
i n  t h e  K night s h i f t  w ould ap p e ar t o  be due t o  th e  dominance o f  th e  
enhancem ent te rm  a s  t h e  a l l o y  c o n c e n tra tio n  approaches t h e  t r a n s i t i o n  
p o in t .  I t  sh o u ld  be n o te d  t h a t  t h e  EP N ig g P ^  sam ple was p re p a re d  
a f t e r  th e  th e o ry  in d ic a te d  t h a t  t h e  enhancement f a c to r  would dom inate 
t h e  l o c a l  s u s c e p t i b i l i t y  n e a r  t h e  fe rro m a g n e tic  t r a n s i t i o n  p o in t .  
Thus, th e  r e s u l t s  seem t o  be c o n s i s te n t  w ith  t h e  p r e d ic t io n s  o f  th e  
amorphous h y b r id iz e d  band m odel.
The l in e w id th  r e s u l t s ,  shown in  F ig .  2 0 , a r e  f o r  room tem p­
e r a tu r e  m easurem ents o f  EL and EP NiP sam ples . A t low te m p e ra tu re  
th e  l i n e  i s  s l i g h t l y  b ro a d en ed . B oth  powder and b u lk  m easurem ents 
a r e  in c lu d e d  i n  t h e  d a t a ,  and th o u g h  th e r e  a r e  some d is c re p a n c ie s  
betw een them , t h e  two s e t s  o f  d a t a  a r e  f a i r l y  c o n s i s t e n t .  The p r i ­
mary re g io n  o f  i n t e r e s t  i s  ag a in  a t  low phosphorus c o n c e n t r a tio n s ,  
where th e  l in e w id th s  show f e a tu r e s  s im i la r  t o  th o s e  seen  in  t h e  
K n ight s h i f t  r e s u l t s .  In  b o th  p h ase s  o f  t h e  a l lo y  t h e r e  i s  a  r a p id  
in c r e a s e  i n  t h e  p e a k -to -p e a k  l in e w id th  when th e  a l l o y  co m p o s itio n  
re a c h e s  N iggP .^ . mos"t  ol3vi ous c o n c lu s io n  i s  t h a t  a  m ajo r p a r t
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o f  th e  l in e w id th  i s  due t o  inhomogeneous b ro a d e n in g , w hich  ca u ses  
t h e  phosphorus n u c le i  t o  sample a  ra n g e o f  s u s c e p t i b i l i t i e s  about 
th e  av e rag e  s u s c e p t i b i l i t y  o f  th e  system . For a  c o n s ta n t  d i s t r i b u ­
t i o n  o f  th e  p o s i t i o n a l  v a r ia n c e  o f  th e  probe n u c l e i ,  t h e  r a p id ly  
changing  s u s c e p t i b i l i t y  n e a r  t h e  t r a n s i t i o n  p o in t  c o u ld  produce th e  
f e a tu r e s  d is p la y e d  i n  t h e  l in e w id th  g ra p h s .
Some p o r t io n  o f  th e  l in e w id th  i s  due t o  t h e  f i e l d  in depen­
d e n t ( d ip o la r )  b ro a d e n in g . F ie ld  dependent m easurem ents o f  t h e  l i n e -  
w id th s  o f  EL and EP Nig^P-ig sam ples showed t h a t  t h e  ze ro  f i e l d  l i n e -  
w id th s  were ab o u t gauss, f ^ J ^ S - L a r g e  s y s te m a tic
e r r o r  p re c lu d e s  t h e  assum ption  t h a t  th e  d if f e r e n c e  i n  t h e  r e s u l t s  i s
due to  th e  phase d i f f e r e n c e  in  th e  a l l o y s .  The im p o rtan ce  o f  th e
above r e s u l t s  i s  t h a t  th e y  a re  c o n s i s te n t  w ith  b o th  t h e  s t r u c t u r a l
m odels su g g e s te d  fo r  th e s e  a l lo y s 1 ^ a n d  th e  p a r t i a l  r a d i a l  d i s -
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t r i b u t i o n  fu n c tio n s  c a lc u la te d  from s c a t t e r in g  d a t a .  I f  i t  i s  
assumed t h a t  t h e r e  i s  a  random d i s t r i b u t i o n  o f  phosphorus atoms in  
t h e  a l l o y ,  a  d ip o la r  w id th  c a lc u la t io n  from  RDF d a ta  shows a  z e ro -  
o rd e r  l in e w id th  a p p ro x im a te ly  th r e e  t im e s  as  l a r g e  a s  t h e  e x p e rim e n ta l 
v a lu e . 1  T h e re fo re  t h e  l in e w id th  d a ta  su p p o rt th e  m odel where phos­
p ho ru s  has o n ly  t r a n s i t i o n  m eta l atom s as  n e a r e s t  n e ig h b o rs .
The r e s u l t s  o f  p u ls e d  NMR ex p e rim en ts  w hich d e te rm in e d  th e  
s p in  l a t t i c e  r e la x a t io n  t im e s  o f  t h e  re so n an ce s  a r e  d is p la y e d  in  F ig . 21. 
The EL NiP a l l o y  d a ta  had  an i n i t i a l  room te m p e ra tu re  v a lu e  o f  T^T =
. 9 U sec-K  a t  lk% p h o sp h o ru s . The r e la x a t io n  tim e s  r i s e  s t e a d i l y  to  
a  f i n a l  room te m p e ra tu re  v a lu e  o f  T^T = 1 .2 l+ sec  K a t  25 .5$  phosp h o ru s .
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R e la x a tio n  tim e s  f o r  some sam ples were a ls o  m easured a t  low te m p e ra tu re s  
o f  e i t h e r  150+U°K o r  110+U°K. These r e la x a t io n  t im e s  had a  s im i la r  
com position  dependence and were s l i g h t l y  lo n g e r  th a n  th e  room tem p er­
a tu r e  v a lu e s .  The EP NiP a l lo y  d a ta  had  an i n i t i a l  room te m p e ra tu re  
v a lu e  o f  T^T = 1 . 0^ sec°K  a t  lk% phosphorus and ro s e  t o  a  f i n a l  room 
te m p e ra tu re  v a lu e  o f  T^T = 1 .6 0  sec°K a t  26$ p h o sp h o ru s . As was t r u e  
fo r  th e  EL sam p les , th e  low te m p e ra tu re  r e la x a t io n  t im e s  w ere a l l  
s l i g h t l y  lo n g e r  th a n  th e  room te m p e ra tu re  v a lu e s .  The room tem pera­
tu r e  r e la x a t io n  t im e s  o f  th e  EP and EL t e r n a r y  a l lo y s  w ere c lo s e  
to  th e  v a lu e s  o f  t h e i r  b in a ry  a n a lo g s , and  a l s o  showed th e  same 
te m p e ra tu re  dependence.
For a  g iven  co m p o s itio n s , th e  EP a l l o y  T^T’s a r e  a l l  lo n g e r  
th a n  th e  EL a l lo y  T^T’s ,  a  r e s u l t  which i s  c o n s i s te n t  w ith  th e  h y b r id ­
iz e d  band model and th e  ap p a ren t d i f f e r e n c e  i n  t h e  d e n s i t i e s  o f  
s t a t e s .  In  th e  t h e o r e t i c a l  d is c u s s io n  o f  th e  r e la x a t io n  t im e s ,  th e  
eq u a tio n  f o r  (T^T ) - 1  was w r i t t e n :
(*s + Cs* ^  k ) -
F or h ig h  phosphorus c o n c e n tra tio n s  and Ferm i e n e r g ie s ,  th e  
v a lu e  o f  t h e  s t a t i c  s u s c e p t i b i l i t y  exchange enhancement f a c to r s  
sho u ld  re d u ce  to  th e  lo w er l im i t  v a lu e  o f  1 .0 .  T h ere fo re  S jq ,w ) 
shou ld  a ls o  re d u ce  t o  1 . 0  and th e  r e la x a t io n  tim e s  sho u ld  be a  d i r e c t  
r e f l e c t i o n  o f  th e  components i n  th e  d e n s i t i e s  o f  s t a t e s .  At a  Fermi 
energy  o f  E?  = .925 Rydberg th e  m odeled h y b r id iz e d  DOS cu rv es  were
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u sed  t o  c a l c u l a t e  a  r a t i o  o f  th e  ex p e c te d  r e la x a t io n  t im e s  f o r  th e  
two sy stem s. The r a t i o  was found t o  he ah o u t 1 .2  t o  1 .0 ,  w ith  th e  
low  d e n s i ty  m a te r ia l  h av in g  th e  lo w er T^T. The m easured r a t i o  o f  
t h e  EL and EP NiP a l l o y  r e la x a t io n  t im e s  a t  2k% phosphorus i s  1 .5  
t o  1 .2 ,  f o r  an  e x p e rim e n ta l T^T r a t i o  o f  1 .2 5 . Once ag a in  t h e  r e ­
s u l t s  a re  v e ry  c lo s e  t o  th e  p r e d ic te d  v a lu e s  from th e  h y b r id iz e d  
hand m odel.
The K o rrin g a  r a t i o s  f o r  t h e  EL and EP NiP a l lo y s  a r e  shown 
in  F ig .  22. The EP sam ples have a  K o rrin g a  r a t i o  o f  ahou t 2 .0  
th ro u g h o u t th e  com p o sitio n  ra n g e . Only a t  lk% phosphorus does th e  
g raph  show a  h ig h e r  v a lu e ,  co rre sp o n d in g  t o  th e  o b serv ed  change in  
t h e  K night s h i f t  a t  t h a t  c o m p o s itio n . The EL a l lo y  sam ple a t  h ig h  
phosphorus c o n c e n tra tio n s  h a s  a  K o rrin g a  r a t i o  o f  ahou t 2 .0 .  T h is 
s t e a d i l y  r i s e s  t o  a  f i n a l  v a lu e  o f  U.3 a t  lb% p h o sphorus . The " d ip ” 
a t  15% phosphorus may he sp u rio u s  a s  i t  was caused  by  th e  u n u su al 
powder sample r e s u l t  a t  t h a t  c o m p o s itio n . S ince th e  T^T v a lu e s  
a r e  slow ly  ch a n g in g , i t  i s  n o t  s u r p r is in g  t h a t  th e  K o rrin g a  r a t i o s  
show a  m arked s i m i l a r i t y  t o  th e  Knight, s h i f t  r e s u l t s .
At h ig h  phosphorus c o n c e n t r a t io n s ,  b o th  th e  EL and EP 
sam ples have a  K o rrin g a  r a t i o  n e a r  2 .0 .  T h is  c o rresp o n d s t o  th e  
p r e d ic te d  v a lu e  from th e  amorphous h y b r id iz e d  hand m odel.
The p r e d ic te d  v a lu e s  from  th e  amorphous h y b r id iz e d  band 
model a r e  founded upon th e  assu m p tio n  t h a t  th e  h y p e r f in e  f i e l d s ,  
and th e re b y  th e  K night s h i f t s  and  r e la x a t io n  t im e s ,  depend on th e  
d i r e c t  c o n ta c t  te rm  and t h a t  t h e  c o u p lin g  te rm , a g , can be ta k e n
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a s  a  c o n s ta n t  th ro u g h o u t t h e  ra n g e  o f  c o m p o s itio n s . I f  t h e  enhance­
ment f a c to r s  a r e  e q u a l t o  o n e , th e n  th e  K o rrin g a  r a t i o s  a t  h ig h  
phosphorus c o n c e n tra tio n s  im p ly  t h a t  th e  h y b r id iz e d  DOS i s  n e a r ly  
double th e  u n h y b rid iz e d  DOS, i . e . ,  NT (Ep) = 2Nq (Ef ) .
The d a ta  shown i n  F ig . 23 a re  t h e  K night s h i f t  m easurem ents 
o f  t h e  phosphorus re so n an ce  in  NiCoP e l e c t r o p l a t e d  (EP) a l l o y s .  By 
h o ld in g  th e  p h osphorus c o n c e n tra tio n  c o n s ta n t a t  n e a r  2 0 % and v a ry in g  
th e  c o b a l t  t o  n ic k e l  r a t i o ,  t h e  re sp o n se  o f  th e  system  to  th e  p re se n c e  
o f  more m agne tic  atom s can  be d e te rm in e d . C obalt i s  a  v a lu a b le  t o o l  
a s  t h e  s t r u c tu r e  o f  CoP amorphous a l lo y s  i s  n e a r ly  i d e n t i c a l  t o  t h a t  
o f  t h e  NiP a l l o y s ,  and i t  i s  l i k e l y  t h a t  th e  c o b a l t  atom s s u b s t i tu te  
r e a d i ly  f o r  n ic k e l  atom s w ith o u t chang ing  th e  p h y s ic a l  s t r u c tu r e  
o f  th e  m a te r ia l .  P h y s ic a l  d e n s i ty  m easurem ents o f  t h e  te r n a r y  a l lo y s  
s u p p o rt t h i s  n o t io n , show ing in  a d d i t io n  t h a t  th e  same d e n s i ty  v a r i ­
a t io n  betw een th e  p h ase s  p e r s i s t s  in  th e  t e r n a r y  a l l o y s .
The most i n t e r e s t i n g  th in g  abou t t h e  r e s u l t s  shown in  F ig . 23 
i s  t h a t  t h e  K night s h i f t  rem ained  c o n s ta n t  a s  t h e  c o b a l t  c o n c e n tra tio n  
in c re a s e d  up to  t h e  fe rro m a g n e tic  t r a n s i t i o n  c o n c e n t ra tio n , which 
o c c u rs  a t  abou t N ig ^ C o ^ ^ o  * Tiie cons'tan 't  v a lu e  o f  th e  K night s h i f t  
o b v io u s ly  i n d i c a t e s  t h a t  f o r  th e  EP phase  t h e  c o b a l t  s u b s t i t u t e s  f o r  
t h e  n ic k e l  w ith o u t change i n  th e  system .
The l in e w id th  d a t a ,  seen  in  F ig . 2U, shows a  s lo w ly  in c r e a s ­
in g  peak  t o  peak  l in e w id th  a s  th e  c o b a lt  c o n c e n tra tio n  i s  in c re a s e d  
up to  12% c o b a l t .  T h is  r e s u l t  i s  c o n s i s te n t  w ith  th e  a d d i t io n a l  n e a r­
e s t  n e ig h b o r d ip o le  moments in tro d u c e d  by th e  s p in  7 /2  c o b a l t  n u c le i .
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There i s  no e v id e n ce  o f  l o c a l  moment fo rm a tio n  and  a l s o  no in d ic a t io n  
t h a t  t h e  c o h a l t  ca u ses  any change in  t h e  h y b r id iz e d  v a la n ce  band den­
s i t y  o f  s t a t e s .
The KMR d a ta  showed a  d ra m a tic  change when th e  same ex p e r­
im en ts w ere p erfo rm ed  in  t h e  lo w er d e n s i ty  EL p h a se . I t  i s  a p p a ren t 
t h a t  th e  K night s h i f t  i s  c o n s ta n t up to  about 6% c o b a l t ,  a s  can be 
seen  i n  F ig .  25 . A f te r  t h i s  p o in t  th e  in c r e a s in g  c o b a l t  c o n c e n tra tio n  
began t o  show an e f f e c t  upon th e  d a ta  w hich was a p p a re n t ly  due t o  
th e  fo rm a tio n  o f  l o c a l  moments. The K night s h i f t  dropped  and became 
more te m p e ra tu re  d ep e n d en t, and th e  lin e w id th  b roadened  and showed 
a s t ro n g  te m p e ra tu re  dependence. The s t r e n g th  o f  th e  e f f e c t  grew 
as  t h e  c o b a l t  c o n c e n tra tio n  was in c re a s e d  t o  t h e  l i m i t  o f  th e  f e r r o ­
m agne tic  t r a n s i t i o n  c o n c e n tra tio n  a t  about 13% c o b a l t .  F ig u re s  26 
and 27  show th e  l in e w id th  d a ta  and th e  te m p e ra tu re  dependence o f  th e  
l in e w id th  a s  a  fu n c tio n  o f  th e  c o b a l t  c o n c e n tra tio n .
These r e s u l t s  a r e  c o n s i s te n t  w ith  th e  changes ca u sed  by 
th e  fo rm a tio n  o f  l o c a l  moments, t h a t  i s ,  a  n e g a tiv e  s h i f t  o f  th e  r e ­
sonance and a  b ro a d en in g  o f  th e  l in e s h a p e  caused  by th e  RKKY o s c i l l a ­
t i o n s  o f  t h e  sp in  d e n s i ty  a s  e x p la in e d  in  th e  th e o ry  s e c t io n .  The 
c o m p o s itio n  dependence o f  th e  K night s h i f t  and r e la x a t io n  t im e s  shows 
t h a t  in c re a s in g  th e  c o b a lt  c o n c e n tra tio n  in c re a s e s  t h e  s t r e n g th  o f  
th e  l o c a l  moments and t h e i r  tem p e ra tu re  dependent b e h a v io r . T hese 
r e s u l t s  e x a c t ly  co rresp o n d  t o  th e  s i tu a t io n  seen  f o r  th e  ca se  o f  im pur­
i t i e s  • w hich form  lo c a l  moments i n  t h e  n ob le  m e t a l s ^ ’^®’^ '
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The d a ta  in  f ig u r e s  28 and 29 shows th e  te m p e ra tu re  de­
pendence o f  th e  K night s h i f t  and l in e w id th  o f  t h e  EL N i^Q gCog 
sam ple, d is p la y in g  th e  r e s u l t s  a t  room te m p e ra tu re , 77°K, and a t  th e  
te m p e ra tu re  o f  l i q u id  h eliu m , U°K. The l a r g e  changes a t  t°K  c l e a r l y  
d em o n stra te  th e  in c re a s in g  s t r e n g th  o f  th e  e f f e c t  a s  th e  te m p e ra tu re  
o f  t h e  sam ple i s  re d u c e d . T h is  i s  i n  k ee p in g  w ith  t h e  b eh a v io r  o f  a  
lo c a l  moment system , in  which th e  m agnitude o f  th e  moment i s  i n ­
c re a s e d  a s  th e  te m p e ra tu re  i s  low ered?^
The f i n a l  d a ta  s e c tio n  d e a ls  w ith  a l lo y s  o f  t h e  form 
Ni^Cog QPy , where th e  i n t e r e s t  i s  upon th e  e f f e c t  o f  v a ry in g  phos­
phorus c o n te n t w h ile  h o ld in g  th e  c o h a l t  c o n te n t c o n s ta n t .  The r e ­
s u l t s  f o r  EP a l lo y s  o f  th e  form  Ni^Cog 75^  a r e  s im i la r  to  th e  
b in a ry  d a ta ,  t h a t  i s ,  th e  c o b a l t  does n o t change th e  K night s h i f t  
from th e  b in a ry  r e s u l t ,  and th e  l in e w id th  s l i g h t l y  b ro a d en s due to  
th e  p re se n c e  o f  th e  c o b a l t  n u c le a r  s p in s .  The EL p h ase  a l lo y  r e s u l t s  
seen in  f ig u r e s  30 and ;3i, show t h a t  th e  s t r e n g th  o f  th e  l o c a l  moment 
i s  dependent upon phosphorus c o n c e n tra tio n . At 2b% phosphorus th e  
r e s u l t s  show no v a r ia t io n  from  th e  K night s h i f t  r e s u l t s  in  th e  b in a ry  
EL m a te r ia l .  At 20% phosphorus t h e  K night s h i f t  and l in e w id th  b e g in  
t o  show th e  changes a t t r i b u t e d  to  l o c a l  moment fo rm a tio n , and a t  ld>% 
th e  e f f e c t s  due to  lo c a l  moment fo rm a tio n  a r e  in c re a s e d . The im p li­
c a t io n  i s  t h a t  a t  h ig h  phosphorus c o n c e n tra tio n s  th e  moments a re  n o t 
form ed, b u t a s  th e  Fermi energy  d rops t h e  l o c a l  d e n s i ty  o f  c o b a l t  d 
s t a t e s  a t  th e  Fermi s u rfa c e  i n c r e a s e s ,  in c re a s in g  th e  p r o b a b i l i t y  o f  
s p l i t t i n g  o f  th e  d s t a t e s  and o f  form ing  l o c a l  moments.
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Two m ethods can p roduce th e  h ig h  d e n s i ty  p h ase  in  NiP 
amorphous a l l o y s ,  e l e c t r o p l a t i n g  and a n n e a lin g  from  th e  EL p h a se .
When an EL sam ple i s  an n e a led  a t  m odera te te m p e ra tu re s  f o r  f a i r l y  
lo n g  t im e s  t h e  s t r u c tu r e  o f  t h e  m a te r ia l  changes t o  th e  h ig h e r  den­
s i t y  p h a se . The m odera te te m p e ra tu re s  a r e  a p p a re n tly  s u f f i c i e n t  t o  
g iv e  th e  c o n s t i tu e n t  atom s some m o b i l i ty ,  enough t o  c o l la p s e  th e  
s t r u c tu r e  h u t i n s u f f i c i e n t  t o  casu e  f u l l  c r y s t a l l i z a t i o n  o f  t h e  a l l o y .
Sam ples o f  EL Ni^ xPx  (w here x = . lU , .1 7 ,  .1 9 5 , .2 1 ) were 
an n e a le d  a t  te m p e ra tu re s  o f  230°C t o  250° C f o r  p e r io d s  up to  U8 h o u rs . 
The new m a te r ia l  i s  a  m ixed phase  o f  c r y s t a l l i t e s  o f  n ic k e l  and h ig h  
d e n s i ty  p h ase  amorphous N iP . The n ic k e l  c r y s t a l i t e s  were d is o lv e d  
in  a  c h ro m ic -h y d ro su lfu r ic  a c id  e t c h ,  w hich  d id  n o t ap p e ar t o  a f f e c t  
t h e  c h e m ic a lly  r e s i s t a n t  NiP amorphous a l l o y  w h ile  d is o lv in g  th e  
n i c k e l .  F o llo w in g  th e  e t c h ,  th e  rem nant m a te r ia l  y ie ld e d  K night 
s h i f t s  and l in e w id th s  o f  EP ty p e  m a te r ia l .  An EL N ig g P ^  sam ple was 
a n n e a le d , an d , fo llo w in g  th e  e t c h ,  th e  p h y s ic a l  d e n s i ty  was m easured 
and  found  to  c o rresp o n d  to  th e  v a lu e  found f o r  h ig h  d e n s i ty  N ig g P ^ .
R apid h ig h  te m p e ra tu re  a n n e a lin g  a l s o  r e v e a ls  some d i f ­
fe re n c e s  betw een th e  EL and EP amorphous a l l o y s  c r y s t a l l i z a t i o n  
p r o c e s s e s .  The sam ples w ere p la c e d  i n  an oven a t  abou t ^50°C and 
a n n e a le d  i n  s te p s  o f  ab o u t 5 m in u te s . F o llow ing  th e  an n e a lin g , X -ray 
d i f f r a c t i o n  sca n s  showed t h a t  th e  EL NiP a l l o y  produced  an i n i t i a l  
s te p  c o n ta in in g  e i t h e r  Ni^gP^ o r  a  m ix tu re  o f  Ni^P^ a11'3- Nij-Pg, and 
t h a t  t h e  EP NiP a l l o y  p ro c e s s  went d i r e c t l y  t o  th e  Ni^P c r y s t a l l i n e  
m a te r ia l .  W ith c o n tin u e d  a n n e a lin g  th e  EL sam ple a ls o  a r r i v e s  a t  
t h e  f i n a l  c r y s t a l l i n e  m ix tu re  o f  Ni and N i^P.
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Both, o f  t h e  a n n e a lin g  e x p e rim en ts  su p p o rt th e  i d e n t i f i c a t i o n  
o f  t h e  EP and EL a l lo y s  a s  m e ta s ta b le  p h a s e s ,  w ith  th e  EP a l lo y s  
h av in g  a  more s t a b l e  s t r u c tu r e  th a n  th e  EL m a te r ia l s .
In  a d d i t io n  t o  t h e  NMR d a ta  a l r e a d y  p re s e n te d , i t  i s  p e r t i ­
n e n t t o  n o te  some r e l a t e d  e x p e rim e n ta l r e s u l t s .  Most im p o rtan t a re  
t h e  ^"P NMR m easurem ents from  o th e r  re s e a r c h e r s ' work on NiP amorphous 
a l lo y s  and  on NiPdP and N iPtP  amorphous a l l o y s .
B akonyi, e t  a l . ^  have m easured th e  K night s h i f t s  o f  ^1P 
n u c le i  in  e l e c t r o p l a t e d ,  e l e c t r o l e s s l y  d e p o s i te d  and s p l a t  co o led  
NiP sam p les . T h e ir  K night s h i f t  r e s u l t s  g e n e r a l ly  conform  to  th e  
E l NiP amorphous a l lo y  r e s u l t s  a l re a d y  p re s e n te d . T h e ir  EP sam ples 
ap p e ar t o  have K night s h i f t s  c h a r a c t e r i s t i c  o f  low  d e n s i ty  m a te r ia l .  
P erhaps t h i s  u n u su a l r e s u l t  may be u n d e rs to o d  i n  l i g h t  o f  B e n n e t t 's  
i n v e s t i g a t io n  o f  p u ls e  e l e c t r o p l a t e d  NiP amorphous a l l o y s .  He found 
t h a t  t h e s e  EP a l l o y s  have th e  p h y s ic a l  p r o p e r t i e s  o f  low  d e n s i ty  
m a t e r ia l .
H in es , e t  a l . ^  m easured th e  ^ P  K night s h i f t  in  NiPdP 
and N iP tP  s p l a t  co o le d  sam ples . The K night s h i f t s ,  sp in  l a t t i c e  
r e la x a t io n  tim e s  and K o rrin g a  r a t i o s  o f  ^ P  n u c le i  in  (Ni ^Pd 5 )30^20  
a re  n e a r ly  i d e n t i c a l  t o  t h e  EL NiP a l lo y  r e s u l t s  a l re a d y  p re s e n te d .
NMR m easurem ents in  (Ni^Pd^ y )30^20  ^where £ y  — .8 0 ) and 
(N i^P t^  x ) ^ P 2^ (where .20  f x  6. .68 ) amorphous a l l o y s  show no 
dependence upon th e  t r a n s i t i o n  m eta l c o m p o s itio n , re m in ic ie n t  o f  th e  
r e s u l t s  f o r  t h e  EP NiCoP a l l o y s .
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I t  a p p e a rs  t h a t  t h e s e  a l lo y s  have an  E L -lik e  h y b r id iz e d  
DOS, and t h a t  p a lla d iu m  and p la tin u m  atoms s u b s t i t u t e  f r e e l y  fo r  
.n ic k e l atom s w ith o u t changing  th e  lo c a l  environm ent a t  th e  phosphorus 
s i t e .  The s u b s t i t u t i o n  sh o u ld  n o t g r e a t ly  change th e  d band  DOS 
in  t h e s e  a l l o y s ,  b u t  th e  l a r g e r  r a d i i  shou ld  in c re a s e  p r o b a b i l i t y  
f o r - a  more d i s o rd e r e d , l e s s  dense  ty p e  o f  s t r u c t u r e .  E x tra p o la t io n  
o f  th e  t e r n a r y  a l l o y  RDF d a ta  su p p o rts  th e  id e a  t h a t  EP NiP a l lo y s  
have a  d i s t i n c t l y  d i f f e r e n t  l o c a l  env ironm en t, a s  th e  e x t ra p o la te d  
d a ta  p o in t s  a re  i n c o n s i s te n t  w ith  th o s e  m easured from' EP NiP amor­
phous a l l o y s .
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V. CONCLUSIONS
The e x p e rim e n ta l r e s u l t s  su g g es t t h a t  two m e ta s ta b le  p h ase s  
e x i s t  f o r  NiP and NiCoP a l l o y s .  These s t r u c t u r a l  p h a se s  a re  c h a ra c t ­
e r iz e d  by  th e  d i f f e r i n g  p h y s ic a l  d e n s i t i e s  and a n n e a lin g  b e h a v io rs  
o f  th e  two ty p e s  o f  m a te r ia l .  The EL amorphous a l lo y s  ap p e ar t o  be 
r e la t e d  t o  a  group o f  amorphous a l lo y s  w hich sh a re  s im i l a r  NMR and 
p h y s ic a l  p r o p e r t i e s .  The h ig h e r  d e n s i ty  EP amorphous a l lo y s  have 
unique NMR p r o p e r t ie s  which su g g e s ts  t h a t  t h e  p h y s ic a l  s t r u c tu r e  
o f  EP a l lo y s  may a l s o  be u n iq u e .
The h y b r id iz a tio n  th e o ry  o f  K. T erak u ra  h as  been p re s e n te d  
and in c o rp o ra te d  in to  an amorphous h y b r id iz e d  band m odel. T his model 
was used  to  show th e  changes i n  th e  h y b r id iz e d  v a le n c e  band f o r  sm all 
changes in  th e  h y b r id iz a tio n  c h a ra c te r  o r  p o t e n t i a l  o f  th e  m e ta l lo id  
ato m s.
The h y b r id iz e d  d e n s i ty  o f  s t a t e s  d i f f e r e n c e  betw een th e  
two p hases co u ld  be  due to  d i f fe re n c e  i n  th e  adm ix tu re  betw een th e  
p hosphorus and n ic k e l  e le c t r o n  s t a t e s .  A g ra p h ic a l  and n u m eric a l 
m ethod was u sed  t o  g e n e ra te  a  h y b r id iz e d  v a le n ce  band d e n s i ty  o f  
s t a t e s  and m odeled s u s c e p t i b i l i t i e s .  These were used  to  p r e d ic t  
t h e  ex p e c ted  b e h a v io r  o f  th e  K night s h i f t s ,  r e la x a t io n  tim e s  and 
K o rrin g a  r a t i o s  f o r  th e  a l l o y s .  These p r e d ic t io n s  s u c c e s s fu l ly  
showed th e  t r e n d  o f  th e  EL and EP a l lo y  d a ta .  The K night s h i f t  was
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ta k e n  to  "be due t o  t h e  d i r e c t  c o n ta c t  te rm . In  th e  h y b r id iz e d  model 
t h i s  i s  w r i t t e n :
l o c a l  moment b e h a v io r  d isc o v e re d  i n  KiCoP a l l o y s .  S ubsequent exam­
i n a t io n  o f  th e  d a ta  showed t h a t  t h e  o n s e t  o f  l o c a l  moment b e h a v io r  
o c c u rs  a t  a  c r i t i c a l  c o b a l t  c o n c e n tra tio n  f o r  a  g iv en  phosphorus 
c o n c e n tra tio n  and c o n tin u e s  w ith  i n c r e a s in g  s t r e n g th  a s  th e  c o b a l t  
l e v e l  i s  in c re a s e d . The o n s e t  o f  fe rro m ag n e tism  was found to  be 
n e a r ly  i d e n t i c a l  in  b o th  ty p e s  o f  a l l o y s ,  and was i n t e r p r e t e d  as  
an i n d i c a t io n  t h a t  th e  exchange enhancem ent f a c to r  i n  b o th  p h ase s  i s  
s im i l a r  f o r  a  g iv en  co m p o sitio n . The t h e o r e t i c a l  model su g g es ted  
t h a t  t h e  re a so n  f o r  th e  l o c a l  moment fo rm a tio n  was a  narro w in g  o f  
t h e  c o b a l t  d band r e s u l t i n g  from  a  change in  t h e  phosphorus e le c ­
t r o n  s t a t e s  and th e  n arro w in g  ex p e c ted  f o r  any  s t a t e  i n  a  low er 
d e n s i ty  s o l id .
iz e d  bands o r  l o c a l  s u s c e p t i b i l i t i e s  i n  t h e  a l lo y s  ex c e p t when th e  
l o c a l  moments were form ed. C o b alt seems to  s u b s t i t u t e  r e a d i ly  f o r  
n i c k e l ,  w ith o u t s i g n i f i c a n t  change in  t h e  o b se rv ed  d e n s i ty  f o r  e i t h e r  
ty p e  o f  m a te r ia l .
The model a l s o  su p p lie d  a  p o s s ib le  re a so n  f o r  th e  ap p a re n t
The a d d i t io n  o f  c o b a l t  d id  n o t ap p e ar to  e f f e c t  th e  h y b r id -
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L1 00-xPx
x  = 19 2 . 5 ^
x  = 21 2.5V7
x  = 23 2.560
x  = 2h 2.565
x  = 26 2.567
378P22 2 .58
x  = 15 2 .75
x  = 17 2 .75
x  = 20 2 .77
x = 2k 2 .8 0
x = 2 6 .5 2 .7 8
x = 27 .5 2 .77
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TABLE 2
Atom o f  O r ig in  Near N eighbor R(&) n
Co Co 2 .$ b  1 0 .1
Co P 2 .3 2  2.09.
P Co 2 .3 2  8 .9
P P 3 .3 ^
TABLE 3
Atom o f  O r ig in  N ear N eighbor R(&) n
Ni Ni 2 .55 1 0 . T
Ni P 2 .3 b 2 .2
P Ni 2 .3b 8.5
P P 3 .3 0 3 .6
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